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FOREWORD

This investigation was conducted in the research
laboratories of the Department of Theoretical and
Applied Mechanics, University of Illinois, on Air Force
Contract No, AF 3&(038)-21587. and Research and Develop-
ment Order No. 614-13, "Strain Rate Effects on Torsional

Properties at Elevated Temperatures," The work was admin-

istered under the direction of the Materials Laboratory,
Directorate of Research, Wright Air Develomment Center,
with R, F. Klinger acting as project engineer, Acknow-
ledgement is due to F., C, Rally, T. Dimoff and other
research personnel who have helped with the experimental
phase of this investigation.
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ABSTRACT

An experimental study was made to determine the effect
of temrerature and rate of strain on the strength, ductility
and energy sbsorbing capacity of seven differsnt structural
metels in torsion. Oylindrical specimens 0.25 in. in diameter
were tested at four different constant strain-rates from
0.0001 in, /in,/sec. to 12,5 in,/in./sec. and at four different
temperatures from room temperature up to 1200F. Two series of
tests were conducted: (A) specimens were held at the test
temperature for one-hslf hour before loading, and (B) specimens
were given a two-hundred hour aging treatment at the test
temperature before testing.

Torque, angle of twist, and time were continuously recorded
and the torsional properties determined, The detailed results
are presented in three-dimensional charts and analyzed in terms
of the mechanisms altering the material behavior. In general,
it was found that an increase in strain-rate caused an increase
in strength, whereas an increase in temperature reduced the
strength of all metals except in the blue~brittie temperature
range for steel, Extremely great ductility was exhibited by
some of the metals at the highest elevated temperatures employed,
particularly at the slower rates of straining., The two-hundred
hour aging treatment had no appreciable effect on the propsrties
of most of the metals tested; significant changes were produced
only in the aluminum alloys at YOOF and GOOF and in alloy steel
at 1200F.

The experimental observations were compared with several
theories that have been proposed to express mathematically the
effects of strain-rate and temperature on mechanical properties.
By proper selection of empirical constants, several equations
involving a general relation for flow stress or new parameters
of a "temperature-modified" strain-rate or a "velocity-modified"
tempersture were found to express apuroximately the variations
obtained in mechanical properties,

PUBLICATION REVIEW
This report has been reviewed and is approved,

FOR THE COMMANDING GENERAL:

° L] SORTE
Colonel, USAF

Chief, Materials Laboratory
Directorate of Research
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I. INTRODUCTION

1. Zvaluation of the Hechan;qu.__l Properties of Materials.

The ability of a structure or structural part in service to carry out the
function for which it is intended depends to a large extent on the behavior of
the material of which it is constructed. In order that the designer may hava.
adecunte information on the significant properties of the material, these prop-
erties must be determined by appropriate tests of samples of the material.

‘hat constitutes an appropriate test is not yet defined. ZEach of the tests
commonly used has some advantages but also certain disadvemtages and 1t is not
alvays certain exactly how to extend results obtained under one limited set of
conditions to include others. In the past it has been customary to accept the
propertiss obtained in the ordinary static tension test as the most satisfactory
criteria for evaluating the mechanical qualitles of a material. Beceuse of its
simplicity and common usage, the tension test is used to predict the amblicability
of materials for a wide variety of uses, many of which involve more complex
systems of stresses. Considerable doubt exists, however, as to whgther an;r
universal structural characteristics can be adequately annraised on the dbasis
of observations of the properties when sudjected only to a uniaxial state of
stress.

Many of the mechanical properties for which an evaluation is usually attempt-
ed falli in one of the following classes: elastic strength amd stiffness, ductility
energy absorption and maximum load carrying capacity. The elastic characteristice
are most easily treated theoretically and until recently have received the most
attention in tension test studies. However for studying the plastic and work-
hardening characteristics of a metal, the tension test is inherently at a die-
advantage because of the local necking which takes place. The only portion of
the metal in the tension snécimen which is completely exhausted plastically 1; tho

material adjacent to the break. The final slongation, therefore, is a combination
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of large deformations in the necked portion end a limjted amount of stretching
throughout the remeining portion of the metal which retains considerable capacity
for deformation. This latter portion constitutes the largest part of the length.
Tu:thermre. within the localized region where the fracture finally occurs,
necking introduces a notch effect accompanied by a complex three-dimensional
siress system which changes continnéusly as the necking progiessea; This makes

it aifficult, (7, 80)* if not impossible, to amalyze the final fracture character~
istics and relative work-hardensbility of different metals.

In the torsion test many of these disadvantages are not nresent. The
d;mensiona of the svecimen do not change appreciably during the test even to the
poirt of fracture, so that the original dimensiones of the specimen are vaiid
for analytical studies of strength and ductility. Deformation is ;tair]y uniform
throuzhout the length of the test section. The absence of localiged necking

- ‘eliminates the continuously increasing notch effect with its consequent localizel
three~dimensional stress system. Ductility as determined by the angla of twist
of the specimen involves general exhaustion of the plasticity along the entire
€828 length. The slope of the stress-strain disgram in the torsion test is
a2 better measure of the work-hardenability of.the material since this slope

is not influenced by major dimension changes as in the tension test.

2. Imnedinte Importance of Temperature snd Strain-Rate Studies.

The behavior of a given material has been found tc depend on ‘the mecheznical
operations carried out during fabrication, heat treatment, stress history and

upon other factors such as the type of loading, state of stress and environ-

mental conditions.
Two important parameters, rate of strain and temperature, are known to be

interrelated and frequently vary simultaneously in service. Both have been

+ .
Mumbers in parentheses refer to the references listed in the Bibliography.

WADC TR 53-10 2



investigated singly i:ut fow studi;s have been of a wide enough scope to give
attention to their combined effects.

The current trend toward Jjet engines and rockets for propulsion of guided
miesiles and military aircr'aft, and the extreme speeds developed, have intro-
duced p:oblems of elevated temperatures and severe sudden loading. Heat arising
from skin friction and from the power plants is sufficient to produce elevated
temperatures in wing and fuselage elements which heretofore have operated well
within the ordinary room temperature range. Because of the extreme urgency for
ranid advance in this field, investigation of these parameters is particularly
timely and since many of the stress systems in surface and supporting elements

are biaxial, torsion tests are especially ampropriate.

3. Object snd Scove of Investigation.

In this project, nrenared specimens of several metals were subjected to a

biaxial state of stress in torsion tests to investigate the effects of the

- _ two parameters, temperature and strain-rate, on their mechanical properties.

The studies covered here included twe steels, two aluminum alloys, one
magnesium alloy and two titsmum alloys. These metals renresent three different

classes according to crystal lattice structure, namely, body-centered cubic for

steels, face-centered cubic for the aluminum, and close-packed hexagonal for

the titanium and magnesium.

Tour rates of torsional strain, differing by factors of 50 to 1, were
selected to produce the following nominal rates of shearing strain for the speci-
meas tested: 2.5, 0.25, 0.005 end 0.0001 in. per in. per second.

Torsion tests were conducted at room temperature and at three or four
elevated temperatures for each metal. The elevated temmerature levels were:
200F, LOOT and 6OOF for the aluminum and magnesium alloys and 4OOF, 7007 amd
1000F for the steels and titanium. For the U340 stesel a set of tests was in-

cluded also at 1200F., ¥For one series of tests,specimens werc heated to the
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desired temperature then held at temperature for.one-half hour before each test
began. A second series of tests is also reported for which snecimens were given
a 200=hour aging treatment in advance, at the same elevated temperature at which
they were subsequently tested.

The geometric details chosen for the torsion test specimen are shown in
Pig. 2. .arge radius fillets at the ends of the reduced section and a slight
undercutting of the central portion were necessary to prevent the fracture

from occurring outside the gage length.

4., Review of the uiterature.

a. General. - The technical literature cgntains remorts on a multitude
of investigations and theories which contribute to an vnderstanding of the
influence exerted by rate of loading and by temperature on the behavior of -
structural materials. Some of the pamers, which have ampeared in the literature
during recent years, treating this subject are listed in the bibliogranhy vhich
is.included at the end of this mamuscript. ¥or a more complete bibliography
see the 1ists of references included in Refs. 115 and 16.

A large proportion of the studies involving a high rate of strain have
been made in impack testing machines and, in some cases, the energy absorded
was the only property which could be measured. In impact tests the effect
of reduced temperature is particularly important and for many metsals it is
possible to determine oritical temperatures above which the fracture is ductile
and energy absorption great and bdelow which fracture is brittle ~nd energy ab-
sorption low. Charpy notched-bar bending impact tests are easy to perform and
have therefore been used frequently but the complexities involved in interpreting
the meaning of this type test subtract from its worth.

In tension impact teste 1t is readily posesible to obtain elongation snd
reduction of area to fracture in addition to energy, although it 1s not easy

by mechanical methods of measurament to obtain data for commlete stress—strain
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curves from immact tests. Recently, some investigators (74) have been able, by
means of oscillographic recordings, to study the load-time and load-strain
relationships in high speed tests.

Freouently the results Srom tension impact tests are compared with the
ordinary static tensile properties to determine the influence of rate of strain
at room temperature. TFor elevated temperatures most experiments have been of
the long-time creep type test with constant load. A limited number of tests
have been made in ordinary tensile testing machines at elevated températures
and at rates of strain attained within the standard machine speeds (30).

Since there is a certain correspondence between the effects of time and
‘temperature (84), theories have been developed (3, 48, 67, 112) to express
the flow stress (usually defined as the "true” tensile stress) as a function
of time or strain.rate, and the temperature, straln and certain other factors.
In order to combine the time and temperature effects, such relations have been
manipulated to provide expressions of strain-rate in terms of an equivalent
temperature (70, 71) and temperature in terms of an ecuivalent strain-rate
(46, 112). Host of the data in the literature which is spplicable to test
these relationships are from creen type tests dut they are generally expected
to be valid also when awplied to dat» obtained by more ramid loading.

Because in the majority of amplications materials are subjected to biaxial
or triaxial states of stress (28, 69), considerable attention has been devoted
to developing means of translating data obtained under one state of stress intc
terms vhich correspond with data for the same material under a different state
of stress.

In addition to comparing ordinary temsion and torsion tests to study the
viaxial case (28, 63, 90, 100, 114), some investigators have subjected tubular
epecimens to combinations of tension and torsion or internal pressure to set up
other desired ratios of two principle stresses (25, 47, 53, 78, 86, 104). Graphs

have been plotted of true stresses and strains in terms of their so-called
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effective, generalized or significant values; in many cases, vhere anisotropy
of the material was not significant (44, 114), general agreement between the flow
curves for different states of stress has been renorted. These generalized
expressions are based on stress and strain invarieats or the distortion energy
principles.

A very limited number of studies of these parameters has been renorted {u2c?
in vaich samples were tested in compression and a few in torsion (6, 38, 52,
63, 90). Of these, Itahara's (52) work covers the widest range of variables
including torsion tests of many materials, temperatures up to nearly 1200F,
end strain-rates covering five orders of magnitude.

b. Ferrous Hetais: In iron =nd steel, temperature and strain rate protidir

have their most pronounced. effect on the heterogeneous yielding and assoclated
pheromena. Heterogeneous yielding, the upper and lower yield points, (32, €5,
90, 111) time delay before plasiic yielding (12), yield noint strain (111),
blue brittleness (9, 27, 52, 71, 72, &5) and idders lines (42, 110) have beén
observed to be sensitive to time and temperature effects.

For the range of variables usuaily studied, investigators (4, 16, 22, 35,
39, 49, 52, 55, 73, T4, 81, 83, 98, 105) have generally found that the tensile
strength, yleld point and the strain during yielding increase with an increase
in rate of strain or a decrease in temperature. Yor elevated temperatures,
strength usually decreases after the blue drittleness range is exceeded.

Although lowering the temperature is usually considered to have an embrittl--
ing effect, the opposite is frequently the case when evalvated in terms of elonga-
tion and reduction of area (Y, 30) however these measurements are often erratic
(11, 110). 1Increase in strain-rate has also been found to reduce elongation
and reduction. of area (9, 55) for some ranges of speed but may have the opposite
effect or none for other ranges (13, 88, 107).

The blue brittleness temperature has been observed to be elevated for
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higher rates of strain according to results of tests in torsion (52), temsion
(85), hardness (62), crushing (93), and dending (37).

c. Aluminum Alloys: A survey of the literature on low temperature prop-

erties of aluminum alloye (4) shows general agreement concerning an increase
in strength with decrease in temperature. Elongations reported for low tem-
pefat,ure tests were generally either as great or greater than those observed
at room temperature. Values of reduction of area were reported less frequent-
ly but did not nacessarily increase with increased eldngation. Breaking
energy in impact tests usually increased as temperature was reduced. Reten-
tion of ductility at low temperatures was attributed to the face centered
cublec lattic structure.

Strength of aluminum and its alloys decreases as the temperature is
raised sbove room temperature (85, 89, 92). The decrease is guite sharp
above 4OOF, and at 60OF the strangth is very low. Ductility on the other
hand has been found to increase with temperature and radical increases in
elongation have been reported above HOOF (89).

Roberis =nd Heimerl (92) report a hump in the yleld strength vs. tempera-
ture curve for compression with a slight increase near HOOF, The yield
strength of 24S-T, although lower than for 75S-T at room temperature, was
higher for temperatures of YOOF and above.

In general, some increase in tensile and yleld strengths have been ob-
served with increase in rate of straining (10, 13, 26, 85). In some instances
(9, 60, 107), very little increase or even a decrease in strength was obsewed
for certain speeds of testing. Ductility and energy absorption have alsor
shown increases with rate of strain (9, 13, 88, 89, 167) although in a few
cases only a negliglble change or a reverse trend has been reported (10, 26).

d. Magnesium Alloys: Only a relatively few papers have reported studies

of the effects of strain-rate or temperature on properties of magnesium alloys

Clark and Wood (13) report increases of from 10 to 50 per cent in tensile
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strength, elongation and energy absorption in dynamic tests as compared to
static values for four magnesium alloys. According to tests by Piper (&9)
the tensile strength and yield strength of FS-1 magnesium alloy decrease and
elongation increases with increase in temperaturse.

e. Titenium: ZEven commercially pure titanium contains sufficient
quantities of other elements such as carbon, oxygen, nitrogen and hydrogen
to produce mechanical properties differing sharply from the really pure metals
Stréngth is higher and ductility less in thg commercially pure product than
in the pure metal (124). Although still only in the early stages of develop-
ment, titanium has received widespread puﬁlicity and attention. Only a few
‘selected references are included in the bi’bliography. Far a more complete
bibliography on titanium see references 1, 18, 120 and 122,

Titanium in its various commercially pure forms and early alloys has
received particular attention in the moderately eslevated temperature ranges,
Because it is light in weight and yet maintains considerable strength up to
1000F 1t offers considerable promise in replacing the other light metals in
aircraft elements in which operating temperatures exceed room temperature.

It has been shown (33, 117 etc) that the strength and hardness of titanium
decrease considerably with increase in temperature in the entire useful range,
and ductility and energy absorption in notched bar tests increase with in-
ocreasing temperature. There is some reduction in stiffness as measured by
the modulus of elasticity for higher temperatures and an increase at low tem-
peratures.

Graphs of tensile properties versus temperature (43, 108, 120, 123, 124)
show that the static tensile strength of commercially pure titanium at 1000F
is about 20-30,000 psi (120, 123, 124) and for some of the alloys, 70,000 psi
(123). At HOOT where the strength of aluminum is essentially lost, the ten-
sile strength of commercially pure titanium is about two-thirds of its room

temperature value and this ratio is considerably higher for the alloys of ti-

tanium,
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Exposura to elevated temperatures up to 1000F for perieds up to 1000 hours
has no effect on the tensile properties determined at the exposure temperature
(123).

All forms of titanium respond readily to cold work amd tensile strengthse
well above 200,000 psi are regularly obtained in this manner.(lzh). Cold
vworking is most effective &n pfoviding inereased strength for onmeration in the
lover elevated temperaturs ranges because even though the annealing temperature
is usually considered to be from 1200F to 1300F (23) considerable recrystalliza-
tion and softening take place at 1000F (64) and the strength at 1000F is no
greater for coldworked titanium than for the same alley in the annealed condition.
To achieve corresnonding strengths there is more sacrifice of ductility in work
hardening then in alloying. By these two methods higher room temperature
strength-weight ratios can be obtained with titanium than with any other metal.

The effect of strain rate on mechanical properties of titanium is not
well known. Some creep and stress rupture data are available and some impact
tests have been made.

Anisotropy in both bar (29) and sheet forme (119) currently produced will
meke correlation between properties determined with different states of stiess
less consistent than for other metals.

The ordinary stress-strain tests of titanium reported in the most of the
literature apvear to show no sharp yield point although the nossibility of
strain-aging is indicated by several associated phenomena. Fontana'(29) reports
a yleld point by drop of the beam in two titanium alloys and also reports S-If
curves with sharp knees; Everhart (23) presenté a strength vs. temperature
curve with a hump around 800-900F. Elements such as oxygen, nitrogen and
carbon are present in commercially available titanium smd the nresence of these
elements is thought to be related to the sharp yleld point and to the sharp

knee commonly found in S-N diagrams for mild steel.
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11, EXPERIMENTAL FROGRAM

5. Description of Testing Equipment.

a. Mechanical Features of the Torsion Testing Machine: The torsion

testing machine shown in Fig. 1 is the mechanical apparatus for applying a
twisting moment or pure torsional load to one end of a test specimen while
holding the other end of the specimen fixed. A weighbar 1s utiligzed to mea~
sure the torque or twisting moment at any instant during the test. The right
end of the specimen is clamped firmly in the torque weighbar. The right end
of the weighbar is held rigldly to a supporting fixture. A loading arm A is
attached to the left end of the ampecimen. The left face of this loading arm
clears the face of the flywheel 7 by about 3/8" in the normal position. Two
pins P extend out from the face of the flywheel to engage the loading arm or
can be retracted to clear the loading arm ms the flyvheel rotates, The speci-
men and weighber are aligned so that their centerlines coincide with the axis
of rotation of the flywheel.

The rate of strain in the specimen is controlled by the speed of the fly-
wheel., A half-horsepower electric motor M, drives the flywheel tirough a
series of gear reducers laheled Rl' Re. and R3 in Fig. 1. The apparatus as
illustrated in Fig. 1 is set up to obtain the slowest of the four testing
speeds used in this research and referred %o as "first speed®, Uith this
arrangement R1 and R2 each provide a 50 to 1 reduction in speed, and B3 re-
duces the speed by a ratio of 67-1/2 to 1. The three in series provide a re-
duction of 168,750 to 1 or roughly from 1750 rpm speed of the motor to 0.01
rpm of the flywheel.

The next faster speed (second speed, 0.52 rnm flywheel speed) is obtained
by removing reducer Rl from the system and moving the motor up to drive re-
ducer R2 directly. For the third speed (26 rpm), R2 also is removed, and re-
ducer R3 is driven directly by the motor. Thus a flywheel speed of 26 rom is
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produced in third speed tests.

For the highest rate (fourth speed), the reducer Ry and the coupling C
are also removed, and an auxiliary motor Ma is employed to accelerate the fly-
vheel. The flywheel 1s driven through a friction pulley on the motor: the
connection is maintained manually and is disconnected when the flywheel reathes
a speed slightly above the test speed. The flywheel is then allowed to rotate
freely untll bearing friction and air resistance gradually reduce its sneed
to the desired rate (1300 rpm in these tests). At this time a latch is tripped
by solenoid S in Fig. 1, allcowing the pins P to jump out. VWhen extended, the
flywheel pins engage the loading arm attached to the snecimen and enply a sudden
torsional load of high strain.rate to the snecimen.

In these high strain-rate testé, the speed of the flywheel shaft is measured
by matching the frecuency of a signal generated by a magnetic pickup with the
lmown frequency output of an audio-oscillator ("O% in ™g. 1). The magnetic
field of the pickup is varied by special denressions machined in the face of a
circulsr steel plate mounted in place of coupling C on the end of the flywheel
shaft. This pickup generates six gspproximately sinuscidal impulses per revo-
lution of the flywheel. This signal, fed into the horizontal sweep of a cathode
ray oscilloscope is matched with a signal of kmown frequency from the audio-
oscillator fed into the vertical sweep. The desired speed is indicated by for-
mation of an elliptical idssajous figure on the scréen of the oscilloscope.

Specimens of the present design tested at 1300 rpm absord energy at rates
up to 1l horsepower, which exceeds the canacity of the driving motor (Ml) used.,
In the mechanism as employed at this speed the inertia of the rapidly rotating
flywheel loads the specimen. As energy 1s absorbed by the specimen, there re-
sults a corresponding loss in energy of the flywheel and hence a loss in speed.
For the 755~T aluminum alloy ét room temperature this change of strain.rate is
hardly noticeable because of the relatively low capacity to sbsorb energy before
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fracture. For tougher materials a more pronounced drop in speed 18 observed.
Bowever, even for the 1018 steel tested at room temperature, this loss in speed
by the very end of the test was only about 30 per cent. Though aporeciabdble,

the change in strain-rate for this extreme case is relatively small vhen com-
pared with the increment of 50 to 1 in strain-rate decrease for the next slowest
speed of testing.

b. Recording System: All pertinent data such as twisting moment and

angle of twist were recorded by use of a 6-channel Hathaway Si4=A osclllogranh.
This instrument is supnlied with galvanometers of different freaquency resnonses
and different sensitivities which can be readily interchanged to fit the range
of input signal expected. The deflection of lifgzt beans by the galvanometer
mirrors represents the magnitude of the quantities to be measured by the various
devices utilized. The positions of the light smots from the various galvanometers
~ are recorded on photo-sensitive linagraph paper six inches wide moving contin-
| uously in the camera of the osclllograph. This camera handles paper in rolls
of 100 ft, length.

Paper speeds from 1/8 in. per sec. to U5 in. per sec. are available with
the standard oscillograph belt smd pulley combinations and, by use of special
pulleys, paper speeds as lov as 1/30 in. per sec. have been cbtalned for the slow-
er tests. Because of limitations of the oscillograph, it was not nractical to
male continuous recordings of the entire tests made at the slowest sneed. There-
fore, only the early (elastic) portion of each test was recorded continuously.
After the yield strength had been exceeded, the oscillogrsnh was intermittently
cycled on and off at regular intervals. The two cams on the output shaft of
reducer RZ in Fig. 1 operate microswitches for remote control of the oscillo-
graph. The cirouit controlled by the right cam supplies the power to the
recording lamp, and the left cam switches the paper drive motor cn and off 135

times during every two revolutions of the flywheel. The cams are positioned
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so\ that there is a delay of about one second each time for the lamm to light
up before the paper begins to move. The record for one cam eycle consists of
a set of short parallel dashes recorded simultaneousgly for an interval of
shout three seconds, the position of each édash renresenting the measurement

of one ouantity. The complete record resulting from intermittent operation is

| composed of a series of these dashes for each quantity measured.

A suméry of the 1nstnnnenta1".ion and some features of tests for each speed
are listed in Table III, The interval between time marks recorded (given under
Item 6) is varied to suit the conditions of the total time required at a given
gpeed and by the speed of the recording paper. HMarkings at every tenth second
and hundredth second (for third and fourth speeds respectively) are provided by
& synchronous time marking attachment built into the oscillograph. To obtain
slower frequencies, a device employing a synchronous eleciric clock motor was
built to nrovide a signa_tl every five seconds for use with first and second
gpeed tests (the two slowest strain-rates).

It should be noted in connection with Tadble III that the signals from the
photoelectric cell, the €&-beam and welgh-bar dridge circuits described in the
following paragraphs are amplified before being transmitted to the galvanometer
in the oscillograph.

c. Torqus Measuring Device: The twisting moment or torque at any instant

is measured by four elecﬁric resistance type strain gages mounted on the outside
surface of a hollow cylindrical steel weigh~bar in series with the specimen
(Fig. 3). The gages are connected in the form of a four-arm bridge used with
a Hathaway Strain Gage Control Unit type MRc-ls with amplifier elements of type
MRC-15C. The arplified output signal passes through one of the galvanometers
of the oscillogranh for recording.

To protect the gages from excessive heat dﬁring elevated temperature tests,

the portion of the weighbar outside the furnece is hollow and tap water flows
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under the region where the gages are mounted and out through a brass tube
connected to the drain as shown by the arrows in Fig. 3.

In order to internret quantitatively the magnitude of the torque from the
deflection of the trace on the record, a calidration is necessary. After some
tests, the signal from the bridge is recorded vhen a twisting moment of known
magnitude is applied to the weigh~bar by means of dead weights, This can de
used to determine a calibration factor for the particular record with which
it 1s mede. However for different amplifier settings, the factor would de
different so it is advisable to have a calibration for each‘ test. The dead weight
method is not a convenient one, so a controlled unbalance of the bridge is
produced by shorting a precision resistor across one arm of ths bridge. The
resigtive unbalance thus produced corresponde to that produced by a definite
amount of torque, the magnitude of which can be determined by comparision with
a dead weight calidration. It is very simple to apnly a resistor calidration
at the end of each test either by hand or automatically.

d. Twist Measuring Devices: Because of the wide range of speeds involved

in theaé tests it was necessary to develop two different twist measuring in-
struments, each adapted to measure the angle of twist for a limited range of
speeds. The devices used are described separately in the following paragramhs.
Rapid Tests: For measuring the angle of twist in the tests conducted at
the highest strain-rate (fourth speed), the nickup device (see Fig. 4) employs
two thin disks of photographie film on which are reproduced photographically
alternate opaque and transparent sectors, These disks are individually fastened
to the srecimen at points one inch spart by means of small tubular aluminum
pleces amd set screws. iight projected from a bright incandescent source is
transmitted through the disks to a photoelectric cell by means of lucite rods
and a mirror (fig. 4), The disks act as a set of multivle shutters to control

the 1ight transmitted to the photocell. The angular displacement of one disk

WADC TR 53-10 W




with respect to the other corresponds with the angle of twist within the one-
inch gage length. The intensity of the iight transmitted throuzh the disks
varies as one disk turns with respect to the other. For disks with 2° sectors,
one sinusoidally varying cycle of light intensity is completed every 4° of twist
within the gage length. The verying intensity of light strilking the photoelectric
cell causes a corresponding variation in output electrical signal of the photo-
cell circuit which, after being amplified, is transmitted to a galvanometer

in the oséillograph for recording.

Because of its light weight and low moment of ilnertia with resnesct to the
axls of twist, thie type of pickup device can be used effectively for tests
irvolving twisting applied suddenly at high strain-rates. It will continue
measuring the twist until the specimen dreaks, even for specimens of ductile
metals vhich twist through several complete revolutions before fracture. How-
ever this device 18 not as sensitive as might be desired in ﬁhe elastic range
and therefore is not used in slower sneed tests vhere inertia effects are not
encountered,

lower Speed Tests: The angle of twist is measured in two ways simultaneous-

ly by the device shown in Fig. 5. The angle of twist for large strains is
measured by one component making use of a slide wire and rider. The other
component which is sensitive to small strains, uses two electric resistance

type strain gsges mounted on opposite sides of a small aluminum beem. The

beam has the form of a 3000 circular arc. The combined indicator is mounted

on two short pleces of aluminum tubing which are clamped to the specimen by menus
of three pointed set screws threaded through each ring. HNumber 28 chromel

wire with a resistance of 4.1 ohms per foot extends as one continuous wire
around the periphery of a 2-in. diameter lucite disl mounited on the right rirg.
The circumference of the slide wire is divided into four eoual lengths by

soldered connections to larger copper wires (see Fig. 6). Junctions separated
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by 180° on the circumference are at the same electric potential.

From the circuit diagram shovm in Fig. 6, it can be seen that as the rider
(which is attached to the left mounting ring) moves around the circumference
of the disk, the potential output to the galvanometer varies gradually from
a maximun at points A and A'! to a minumum at noints B and B'., The values of
resistance and voltage in the circuit have been proportioned to give a linear
resnonse in deflection of the galvamometer trace on the paper with resnect to
the sngle of twist, For a constant rate of twist end constant peper speed in
the recording oscillograph, the resulting twist record consists of straight
lines forming a sawtooth-shamed contour.

The electric strain gages mounted on the ';C" shaped beam form two @n
of a bridge which provides sensitive measurements of twist during the initial
(elastic) portion of the test. A screw with a lmurled head is threaded through
a small block at the end of the riding arm attached to the 1ef£ mounting ring.
One end of the C-beam is fastened to the lucite disk, and the beam 1s oriented
so that the point of the screw on the rider contacts the C-beam near the free
end. Before a test, the screw is turned up to deflect the beam about one-fourth
inch. As the specimen is twisted, the rider and screw gradually release the
initial deflection of the spring. The signal from the strain gage bridge thus
produces a deflection of the trace on the recording pamer which 1s proportional
to the angle of twist. After an optional angle of twist of up to about 15°, tae
1n1t1a1. deflsction is completely releaged and- the screw moves away from contact
with the C-beam. The beam is pivoted so that it drops down to clear the rider
and screv on subsequent revolutions., For calibration nurncses, a resistor is
shorted across one arm of the strain gage bridge. The resulting signal nro-
duced corresponds to a definite amgle of twist carefully determined from previous
calibrations,

" The combined data from these two componente provide twist measurements
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with the accuracy and range required for both the elastic and plastic defor-

mation.

Ilevated temperatures: There was no simple means of making twist mea-

surements over the one-inch gage length inside the furnace for elevated tem-
perature tests. Therefore it was necessary to depend on measurements of the
over-all twist vhich could be made from outside the furnace. Since all bars,
shafts, connectlons, etc. in the system were very stiff compared to the stiff-
ness of the specimen, the angular rotation of the flywheel shaft could, for
practical purposes, be considered to be taken up entirely in twist within the
1-15/16" reduced length betwsen the shoulders of the specimen. For room tem-
perature tests, both "flywheel twist™ and gage length twist were recorded and
from these measurements a constant determined for the ratio of the total (£ly-
wheel) twist to the twist within the gage length. Since specimens were geo-
metrically identical anﬁ the temperature was nown to be uniform along the
entire reduced length of the specimen, it was assumed that this constant was
the same at all temperatures. Gage length twist for elevated temperatures
was computed by dividing the flywheel twist by this twist ratio.

For third and fourth speeds, the flywheel position was recorded from the
output signal from a small magnetic pickup and a gear on the flywheel shaft.
As each gear tooth passed by the magnetic pickup, it disturbed the magnetic
field setting up a current which produced a deflection of the mirror in one of
the galvanometers in the oscillograph. The eyclic trace recorded had cne
cycle for each tooth that passed the pickup.

For the two sloweat tests (at first and second speeds) the positioh of
the flywheel or over-all twist was indicated by an impulse produced by a cam
on the output shaft of reducer Rz shown in Fig. 1. One impulse was recordel
for each 5.33° rotation of the flywheel.

e« Sequence Control System: The time reguired to bresk the speciman 1ia

the tests at the highest strain-rates is quite short; for example, the total

" time foqp.ired to fracture specimens of 755~-T aluminum at room temperature a’ the
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two highest strain-rates i{s approximately 0.02 and 1,0 seconds, respectively.
In order to record intelligible data in these sizort time intervals, a high speed
of the oscillograph paper is necessary. 4 velocity of 45 inches per sscond is
the maximum which can be readily obtained with the oscillograph used. In order
to avoid using, say thirty or forty feet of paper per test of which a length of
only a few inches contains the entire useful record, a rather intricate sequence
switching system was developed. The control motor and attached switches are
shown in Fig. 7. .

i‘he cam shaft C is driven by the small motor A through the gear reducer B.
There are three cams mounted on the shaft C, the angular position of each can
be set independently. The motor A (and the whole test sequence) is started
by pushing the reset button on micro-switch E. After one revolution of the
cam shaft, the motor is wwitched off antomatically when the plunger D, operated
by the cam nearest the motor, depresses the pin on the face of the microswitch E.

During this one revolution, the cam at the outer end of the shaft operates
the maltiple nole switch F which controls or actuates three circuits vhose
functions are:

1) to actuate a solenoid to release the braie on the oscillograph paper

drives

2) to turn on the motor to drive the recording paper:

3) to turn up the brilliancy of the oscillograph lamp for recording,
This outer cam is adjustable so that the length of time the recording paner
is to run can be set in advance. At the end of this time, the pamer drive
motor is automatically turned off, the brake applied, and the recording lamp
dimned.

The test is initiated when two pins in the rotating flywheel are released
to jum out and engage the loading arm that is attaohed to the end of the speci-

men., These pins are released by a trigger actuated by a solenoid in a circult
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closed by the middle cam on the control mechanism shaft (Fig. 7). 3By adjusting
the angular position of this cam relative to the outer cam, the proper time
delay can be preset to allow the oscillograph paper to get up to speoﬁ before
the pins are tripped to start twisting the specimen.

For the third speed tests (when the total test time is several seconds)
the cams are oriented to stop the control motor with the outer cam in position
to leave the oscillograph and paper running. A second multiple switch, opemting
automatically when the specimen breaks, opens the circuits to stop the oscillo~
graph and paper drive. This switch is not shown in Fig. 7.

This automatic sequence control system was used only for third and fourth
speeds. For the slower speed tests, time intervals involved were long enough
that manual control was satisfactory.

f. Furnace and Controls: An electric furnace was employed to provide the

ambient temperatures required for elevated temperature tests. It was designed
to provide a minimum of variation in temperature along the length of the speci-
men. A photograph of this furnace and control panel is shown in Fig. io. A
disgrammatic sketch of the furnace showing pértinent dimensions is given in Fig.
8. The heating colls are wound with platinum wire and the power to the four
elements A, BL' BfR and C can be controlled individually.

Extra length for insulation was allowed at the right end of the furnace
to compensate for extra heat losses in the weigh~bar due to water cooling. How
ever, it was necessary to control the proportion of heat input to the differ-
ent zones of the furnace to obtain optimum uniformity of heating along the
length of the specimen. Experiments were made with several different circuits
for connecting the heating elements. The circuit illustrated in Fig. 9 proved
to be best fitted to the requirements. It is simple, utilizing only one con~
troller, yet flexible enough for ea#y adjustment to compensate for different

conditions encountered at the different termperatures. The controller employed
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was a Wheelco Capacitrol (lodel 202) of the on-off type. The notation in

Fig. 9 ia as follows:

green pllot light
PB. - red pilot light

R. -~ heater type resistor, allows
a limited continuous current

Vv « Voltmeter
A -~ Ammeter

R2 -~ variable resistance, allowing a portion
of the current to by-pass coil A,

A,BL,BR',G - heating coils. (A, at the loading arm
side; C, nearest the weighbar)

The setting of the variac determines the ::urrent during the Won" period
of the heating cycle and the value of Rl determines the current during the
"off" period, The value of R, 1s adjusted so that the temperature is the
'same at the two ends of the specimen.

In experiments to check the uniformity of the temperature in the furw
nAce, dmbmel-alumel thermocouples were peened into the surface of a dummy
specimen. By using five such couples, the temperatures were measured at the
following five locations along the length of the specimen: at the center,
at points 1/2 inch to either side of the center (i.e., at the ends of a
one-inch gage length), and at points at the base of the end fillets. It
was discovered that for higher temperatures, a larger proportion of the cur-~
rent was required by coil A to keep the left end of the specimen at the
same terperature as the right end.

Using settings determined in the experiments described above, uniform-
ity of temperature along the entire reduced length of the specimen is main-
tained within about two degrees Fahrenheit for lower temperatures and within

ten degrees at the highest temperatures (1200F) required in this program.
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6. Interpretation of Oscillograph Records,
Two typical oscillograph records obtained in room temperature torsion

tests are shown in Figs. 11 and 12. The traces representing each quantity
recorded are labeled and some of the measurements made from the record are
illustrated. Fig. 13 shows the curves for twisting moment vs. angle of twist
plotted from measurements obtained from the record in Fig. 11. A set of
sample calculations have been included as Table IV to illustrate how each
physical quantity is computed from the data read from the oscillograph rec-
ords. |

For elevated temperature tests, the quantiiies recorded are the same
except there are no direct twist measurements for the one~inch gage length.
Since ductility is generally substaptially greater at some of the elevated
temperatures, longer rscords resulted and in some oaaes paper speeds were

reduced somevhat to prevent them from being unreasonadbly long.
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I1l., RESUIFS OF EXPERIMENTS

7. ZFPresentation of the Data.

Although this study wase primarily in torsion, ordinary room-temperature
static tensile tests were conducted to provide a means of establishing the
general material properties in terms of the more standardised type tests.
The tensile tests were performed by employing an Amsler testing machine of
the hydraulic type. The tensile properties as determined by tests of three
shecimens of each material are given in Table II, Samp]é stress-strain
curves for each‘ metal are given in Mgs. 14 and 15. Fig. 15 shows the ordi-
nary stress-strain curves and Fig. 14 the "true" gtress-strain curves accord-
ing to the following definitions:

C= -E- = ordinary stress P = load
o

- = area before loading
A %

= ordinary strain
20 A = agctual (minimum) area

AP " .
Oy = Z = "true stress g = original gage length

¢, = In -i—‘i-s true strain® Q = actual length

A pronounced yield point was observed in tensile tests of both steels and
both titanium alloys tested whereas a smooth stress-strain curve was ob-
tained for the magnesium and sluminum alloys (Fig. 15).

The accuracies of the values of the torsional properties reported here
are governed by the instruments and methods used to record and interpret the
data. Torque values depend on the faithfulness of the pickup and amplifier
circuits, on the accuracy of calidration and on the precision with which
values are scaled from the records. Large angles of twist in the gagelength
can be measured at room temperature with an accuracy of about 1 or 2 degress,

but at elevated temperatures the error may be somewhat greater if the rela-
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tive distribdbution of strain along the length of the specimen changes with
temperature. The per cent error in measufements of small angles of twist
was somewhat higher depending on the rate of travel of the recording paper
as compared to the rate of strain. In general the values determined repre-
sent the property exhibited in the sample with an error of no more than six
per cent. In a few instances there was reason to believe the error may have
been somewhat larger than six per cent, but in most cases it was substantial-
ly smaller.

The torsional properties determined in this investigation are discussed
briefly in the following sections.

a. Explanation of the Torsional Properties Reported.- In determination

of the properties for torsion the strain at a given section is assumed to
vary in direct proportion to the radial distance from the central axis; all
computations for stress and strain apply to the material at the extreme fiber
or periphery of the test section. As illustrated in the Sample Calculations,
Table IV, the properties reported in terms of stress units (psi) are all com-
puted according to the elastic relation T = T/(J/c), where: T = strength
property (proportional limit, yield point, etc.) in psi.; T = Torque (or
twisting moment) in 1b-in.: J/c = section modulus of minimum section of
‘specimen in 1n3 .

In cases where the contour of the tofque—twist curve was smooth during
the initiation of inelastic deformation the Myield ’strength" was determined
from the torque corresponding to an offset of 0.2 per cent shearing strain
(or approximately 0.92° twist in the T vs. 8 diasgram).

The upper and lower "yield points" were determined for tests in which
the observed torque on the test specimen dropped suddenly at the beginning of
yielding and then increased again as twisting progressed further. The values
of yleld points recorded are based on the torque at the maximum and minimam

points in this region of the torque-time record.
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The modulue of rupture by definition is calculated from the same equa~
tion by using for T the maximum resisting torque develoved &uring the test.

The shearing strain ¥ was computed from the angle of twist 8! in ra-
dians+ within the gage length Q.and for a radius ¢ by the relation:

'v=-°l?-: (1)

Application of this relation for determining strains for large angles of
tvist may be questioned (63). However it is considered to give an accuracy
consistent with other assumptions on which the present calculations are based
and is useful here because of its simplicity.

The values of "energy absorbed” that are tabulated represent the total
energy to fracture for the one-inch gage length and not the energy per unit
yolume as usually reported for tension tests. Because of the strain gradient
in the torsion specimens the energy absorption would be highest in the ma-
terial at the circumference and less for points nearer the axis.

b. Evaluation of the Proportional limit: - Although the values of the

proportional limit were determined for each specimen, they are not shown
graphically or considered in the analysis since this property is so indefi~
nite, Although it is affected by the rate of strain, it has been pointed
out (103) that the proportional limit measured depends also on the type of
testing machine, sensitivity of extensometer, scale to which results are
plotted, the personal element in choosing the point of departure from a
straight line, and the presence of small amounts of residual stress, cold
work etc. Dolan and Sidebottom (19) have pointed ocut some of the difficul~

ties encountered in detecting the actual point of departure from linearity

+ 0! is used to indicate the smngle of twist in radians; © without the prime

is reserved in this manuscript to represent the angle of twist expressed
in degrees.
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vhen a stress gradient exists.

The proportional limits determined were based on the departure from
the stralght line in the curve representing torque versus angle of tﬁst.
For certain combinations of circumstances, mainly at elevated temperatures
and high strain-rates, where the initial rise in torque was very rapid with
respect to the speed of the paper in the camera of the oscillograph, the
end of the linear range was the only point that could be accurately plotted.
In such cases the proportional limit represents the end of proportionality
of the torque-time relationship which coincides exantly ﬂth the proportion-
al limit for torque vs.. strain only when the strain-rates are perfectly con-
stant,

It was observed from the origlnal data that the scatter in proportional
limit for the individual specimens for a given set of comditions was general-
ly greater than is observed for yield strength or madulus of rupture.

c. Determination of the Modulus of Elasticity: In calculation of the

modulus of elasticity or modulus of rigidity, the slope of the linear portim
of the stress-strain or torque-twist curve rust be determined. This calcula
tion involves taking the ratic of an ordinate and abscissa with magnitﬁ.deé
of the order of the proportional limit stress and proportional limit strain
respectively. The proportional limit stress is a large proportion of fuil
deflaction in the torque record and therefore can be measured -with reasonsable
accuracy. This was not generally the case for the strain increment. For
test conditions which did not develop large amounts of ductility, the pro-
portional limit strain was only about 5 per cent of the total strain during
the test; for specimens having great ductility the proportional limit strain
was as small as 0,03 per cent of the total strain. It 1s clear that, for
continuous recording, a speed of oscillograph paper that would stretch the
record out sufficiently to provide reliable measurement of the proportional

limit straln would be prohibitive in length to record the entire test.
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Only in first speed tests were the time intervals long enough to per-
mit a switch from continuous recording during the elastic deformation to
intermittent recording for the remainder of the test in order to stretch the
length of the record for the elastic deformation but shrink the length of
the record for the plastic deformation. Therefore, the first speed tests
vere the only ones in which any effect of elevated temperature on the elas-
tic stiffness of the metals could be measured.

Shearing modulus 61’ elasticity measurements were determined for room
temperature tests and conformed reasonably well with generally accepted
nominal values. However it is generally felt that only s limited signifi-
cance should be attached to values of modulus of elasticity determined from
such.a short gage length (one-inch).

Becamige of the considerations which have been outlined above, no values

for modulns of elasticity are included in this report.

d. ZExplanation of the Graphs: The magnitudes of the properties mea-
sured in the;e experiments are plotted in the graphs given in Figs. 16-53.
Except where otherwise indicated, each point plotted in these figures repre-

Qents the average from three or more tests., Curves are sketched in to show

the average trends in the data. Since the variation of each mroperty with

the two parameters of strain-rate and temperature was studled, most of thase

graphs are three dimensional plots; each graph is intended to show the com-

bined effects of the two parameters on one property of a metal. However,

some  two ~dimensional plots are included to aid in visualizing magnitudes

and to show certain individual effects more clearly. The temperature in t
Fahrenheit in these graphs is plotted on a uniform linear scale whereas the

rate of strain is plotted to a logarithmic scale. Since the ratio of any

two consecutive testing speeds was 50:1 the scale used for rate of strain

is linear with respect to the speed number.

In all graphs where both solid and open circles are used, the data
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represented by the s0lid bdlack circles refer to the series of tests in which
specimens were heated to the temperature specified for the test and held at
this tgmperature for one half hour before the beginning of loading. This
condition is referﬁced to as "™mnaged", Open circles refer to the series of
tests made on specimens which were given the 200-hour aging treatment at the
test temperature prior to the test. Except in sveclal eases, mainly for
aluminum, where both curves are shown, the curves sketched are intended to
represent the éverage trend of the data for the solid points. In graphs in
which only one set of symbols appears, the symbols represent the data for
unaged specimens.

Fig. 35-b shows. a family of curves vhich illustrate the effect of temper-
ature on the yield strength of 75S.T aluminum alloy in torsion tests. Each
curve shows the variation of yield strength with temperature at one given
rate of strain. Subscripts for strain-rate ¥ aere in sccorfance with the
ﬁsua.l speed notations designated as follows:

7
Ya

"v3 = 0.25 1in./in./sec. = third speed

0.0001 in./in./sec. = first speed

n

0.005 in./in./sec. = second speed
Y, = 12.5 in./in./sec. = fourth speed

Fig. 35-a shows the same data replotted to show the variation of yield
strergth with rate of strain for each temperature. The data in Figs. 35-a
and 35-b are combined in the three-dimensional plot in Fig. 36 and experi-
mental values for unaged specimens are represented by the so0lid black dots
and solid curves. The vertical planes are shaded to illustrate how the two-
dimensional curves in Fig. 3% fit into the three-dimensional plot (viewed
from front and left).

The open circles and broken curves superimposed on the graph in Fig. 36
show the yield strengths for specimens which were giv_en an aging treatment

of 200 hours at the test temperature before being tested,
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In Pig. 37 the modulus of rupture for the 755-T aluminum alloy is plot-
ted in the sgame manner as the yleld strength in Fig. 36. Mga, 35-a and D
illustrate how the variation in total shearing strain to fracture is affected
by rate of strain and temperature respectively; the combined three-dimen~
eional curves are shown in Fig. 39. Fig. 41 shows the energy absorbed to
fracture for the same material and test conditions.

Similar curves are shown in Figs. 16-34 and U42-59 for the other six
metais tested, In tests of SAS 1018 steel a sharp break in the toroue-twist
curve vas observed at the yield point for certain temperatures and rates of
strain (Figs. 62, 63 and 66). In these cases upper and lower "yield points"”
were determined. At high temperatures and slow rates of strain, however, the
torque did not drop during ylelding but increased continuously. In the lat-
ter cases a yield strength based on 0.2 per cent shearing strain offset was
corputed. The "yield strength” plotted in graphs such as Figs. 16 and 17
represents the "lower yleld point" when present, or the offset yleld strength
for instantes in vwhich no sharp yield point was observed.

Some of the torque~twist curves for titanjum also exhibited maximum and
minimum points in the region of initial ylelding (Figs. €4 and 65); thus,
upper and lower yleld points were determined as in the case of SAE 1018 steel
This phenomenon was not observed for all temperatures and strain-rates; there-
fore, the curves for yield strength in Figs. 47 and 48 are plotted in the
sameé manner as described above for SAE 1018 steel.

The influence of temperature and rate of strain on the magnitude of the
drop in torque at yilelding is illustrated in Fig. 23 for 1018 steel and Fig.
53 for RC-70 titanium. In these figures the "Y.P. Ratio ~ 1" represents
the decimal fraction by which the ratio of the unper yield point to the lower
yield point exceeds unity. It can be seen that the maximum ratio of unper to
lover yield point for RC~-70 titanium occurs at different temperatures and
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aiveeds than for the 1018 steel.

8, Discussion of Results.

Because of the wide differences observed in the behavior of the metals
studied here, the experimental results for each metal are discussed separ-
ately in the followingz sections.

a. SAE 1018 Steel: The SAE 1018 steel was received in hot rolled round

bars 5/8 in. in diameter and fulfilled the specifications set up in Spec.
AN-QQ.S-646. Its specific gravity was about 7.86. The chemical analysis
as furnished by the manufacturer is included in Table I. Specimens were
machined from the bars in the condition as received without further heat
treatment. This metal falls under the classification of mild steel and,
because of the vast amount of study already devoted to this type of metal..
most of the tendencies exhibited in the present study have been observed be-
fore. Unfortunately however, despite the extent of previous research, the
mechanisms governing the characteristics observed have not all been deter-
mined.

Strength: The experimental results plotted in Fig. 18 show that, for
temperatures of JOOF and below, the strain-rate had little effect on the
modulus of rupture of 1018 steel, but for 1000F there was a marked decrease
in strength with decreasing speed, This latter temperature probably was
sufficient to allow a substantial amount of softening or recrystallization
which progressed more completely as time went on, therefore very little bene~
fit was derived from work hardening; whereas the rate of recrystallization
was too slow at temperatures below 8QOF to produce meaeurable effect before
fracture.

Strength was higher for temperatures around YOOF than at room tempera-
ture, as is expected for strain aging materials, and was progressively lower
for temperatures above sbout UOOF, The lowest strengths measured were for
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" the highest temperature and the slowest sapeed.

The yield strength or yield point, Fig. 17, was more sensitive than the
modulus of rupture to rate of strain, since initial yielding in this type
of steel is through development and propogation of Iiders bands, a highly
time-dependent phenomenon. For more rapid loading or lower temperatures
higher elastic strengths resulted.

The yield point ratio, defined here as the ratio of upper and lower
values of torque in cases where ylelding was accompanied by a sudden drop
in the torque, showed considerable sensitivity to. both temperature and time
(Fig. 23). It is well known that the upper yield point (and hence the ratio)
is also affected dy factors other than speed and temperature. In tension
teste the magnitude of the upper yield point depends on the machine used, a
®hard" or stiff machine giving higher values than a "soft" machine which
tends to iron out the jog in the force-~deformation curve. The occurance of
an upper yield point depends on the geometry of the specimen, the surface
finish, etc. A more complete discussion and review of the literature on the
yield point phenomenon is given in Ref. 66.

The yield point is generally considered to be related to strain aging
and is associated with the presence of carbon and nitrogen in the steel.

The detailed mechanism which results in the observation of a yleld point is,
however, not clear. One explanation based on the theory of dislocations (14)
attributes the sudden yielding to the tearing free of dislocations from
"atmospheres” of solute carbon and/or nitrogen atoms, leaving the disloce-
tions mobile and able to produce rapid flow under smaller forces. The force
required to release a dislocation from its atmosphere is less at higher tem-
peratures due to the added thermal energy present.

Ductility: Ductility of 1018 steel as measured by the total shearing

strain was found in general to increase with higher temperature and longer
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time (slower rates of loading) except as modified by the blue-brittleness
effect at intermediate temperatures. These trends are illustrated in Figs. |
19 and 20.

Blue-brittleness shows up as a lowering of ductility for moderately
elevated temperatures which would otherwise be expected to increase ductil-
ity. This usually occurs over a falrly wide temperature band so that the
minimum point for one set of date might be chosen anywhere within a range
of a hundred or more degrees. An increase in strength frequently accompa-
nies the loss in ductility in this temperature range but not always to the
same degree. The maximum strength is usually observed at a temperature
8lightly different from the minimum ductility. ,

Blue-brittleness is considered to be the result of strain aging (27,
64, 59) and the temperature at which it occurs is a function of the rate
of straining. Fig. 60 shows the temperature for minimum ductility plotted
versus rate of strain for data scaled from the curves in Fig. 19. TFor the
sake of comparison, a few data from the literature are also plottéd in Fig.
60. Data from all three sources fall within the same general scatter-band
represented by the dashed lines. The general trend of this scatter-band camn

be expressed mathematically in the form

A=Y BB/TR (2)
or
B
g = C o m ¥ 3)

where A, B and C are constants, ¥ the shearing strain-rate and Tp the abso-
lute temperature 4n Rankine units. Evaluating the constants for the solid
average line in Fig. 60 we find A = 1.77 x 1012, B=3.25 x 10“, C=1n A=

28.2. Equation 3 then becomes
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® (1)

28.2- In¥

Other investigators (27) report qualitative agreement that the blue-drittle
temperature increases with rate of strain but in most cases the actual rates
of strain are not reported. The scarcity of strain-rate data 1s probadly
because it is very 4difficult to determine reliably the rate of strain in the
bending impact test or tension tests in which necking occurs. The blue-
brittleness phenomenon has not been obeerved in non~-strain-aging metals.

b. SAE 4340 Steel: -~ The SAE U3UO steel was received fn the form of

hot~rolled round bars 5/8 in. in diameter amd fulfilled the specifications
set up in Spec. MIL-S-5000. The specific gi'avﬁy was about 7.83. The chem-
ical analyeis as furnished by the manufacturer is given in Table I. This
alloy steel can be heat-treated to very high strengths but (for the purpose
of comparison with the annealed titanium alloy) was quenched in oil from
1500F and tempered at 1130F to give a hardness of approximately 33 Rockwell
U vhich corresponds with an ultimate tensile strength of about 150,000 pai.
In this condition the 4340 steel exhibited a sharp yield point in tension
and considerable ductility.

Strength: The experimental results illuetrated in Figs. 2426 show
a rather consistent decrease in yleld strength and modulus of rupture with
increasing temperature and decreasing strain.rate over the entire range of
both parameters, The loss in strength was somewhat more rapid at tempera-
tures above about TOOF. Strength was sustained at higher temperatures for
4340 steel than the other metals tested here.

Ductility: Fig. 28 indicates that a general increase in total strain
accompanied an increase in temperature at every rate of twisting: in Pig. 27
it can be observed that the strain also increased when the strain-rate was

decreased.
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large sirains were developed at 1200F, particularly for the two slower
speeds. It can be seen in Fig. 28 that at 1200F and ¥ = 0.0001 in./in./sec.
fracture occurred with somewhat less strain than for the next faster rate.

c. 24S-T Aluminum Alloy: In the menufacturing process the 24S-T alue

minum alloy was formed into round bars 11/16 in. in diameter by hot rolling
and then cold drawn to the final diameter of 5/8 in. before solution heat
treatment. This metal fulfilled the specifications set up in Spec. QQ-A-354.
The chemical analysis as supplied by the manufacturer is given in Table I.
The speclific gravity of the 24S-T alloy is 2.77. This alloy was in the con~
dition designated T4 indicating that it was not artificially aged by the
manufacturer but had been given a solution heat-treatment. The recommended
treatment for increased strength of this alloy includes cold working followed
by a precipitation heat-treatment at 375F. In the T4 condition natural ag-
ing is known to occur at room temperature and further aging will take place
at moderately elevated temperatures.

The properties of the aluminum alloys at normal and elevated temperatures
are influenced to such a large extent by precipitation aging after solution
heat-treatment that a brief and simplified discussion of this phenomenon 1is
presented here and used as a dasis for explaining some of the results ob-
served in experiments.

Precipitation: In several aluminum alloys in which the principal alloy-

ing constituent shows a marked increase in solubility at elevated tyemperar-
tures, heat-treatment affords a means for additional 1mprotement in strength.
The commonly accepted explanation for the mechanism through which this
strengthening or hardening is achieved seems to be in accord with the be-
havior otserved here.

Vhen the metal is heated to a temperature of about 9O00F the alloying

constituents go into solution aﬁd diffuse thi'oughout the matrix providing a
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nearly homogeneous 801id esolution. Upon rapid cooling or quenching the

"héfdéning'élements are not allowéd sufficient time to precipitate from solid

solution in accordance with their reduced solubility at the lower tempera~
ture but remain in supersaturated solution. Ag time passes however these
constituents gradually precipitate out at a rate which shows marked increase
at temperatures slightly above room temperature. These tiny particles are
evenly distributed throughout the matrix wheﬁ they form and tend to inhibit
slip, thus reducing ductility and increasing strength and hardness. By a
limited increase in time or temperature in the proper combdination, the num-
ber and size of these precipitated particles (and the hardness) are increased
However with further increase in time or temperature the particles begin to
coalesce into larger particles which are not as effective as the smaller,
more dispersed particles, in hardening the metal. This progressive precipi-
tation and initial coalescence which :esults in hardening is often referred
to as aging, and when allowed to proceed to excess, 1s called overaging.

Strength: The yleld strength of 24S.T aluminum alloy was slightly in-
creased at elevated temperatures up to about YOOF as ﬁompared to room tem-
perature values for all speeds of testing as shown in Figs. 30 and 31. This
is evidence that aging occurred during heating and during the half hour at
the test temperature before the torque was spplied. The differences in the
duration of the tests at the varicus speeds was not sufficient to influence
appreciably the aging effect observed. At UOOF more precipitation undoubted-
1y took place than at 200F but-it was offset by the normal weakening effect
of this increased temperature; approximately the same strength resulted at
both 200F and LUOOF,

At 600T a marked decrease in yield strength was observed. This was the
result of the ordinary softening effect which occurs at elevated tempera~
tures, and possidbly combined with a limited amount of over-aging. Only at
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the highest temperature (600F) did the increase in strain-rate apprsciably
inerease the yleld strength of 24S-T aluminum. In room temperature tests,
a larger increase in yield strength was obvserved at fourth speed than would
be expected. Careful re-examination of the oscillograph records indicates
that this increase may be partly attributed to interpretation of the record.
If it had been possible to obtain higher rates of travel of the record paper
a slightly earlier departure from linearity would have been revealed in this
instance; At slower rates of deformation both the elastic and maximum
strengths were lowered. There was more time at slower strain-rates for flow
of the grain boundary material etc.

As the temperature was raised, the modulus of rupture (Fig. 32) began
to decrease at about 200F. This was a lower temperature than that at which
the yield strength began to diminish. Probably recrystallization and other
softening tendencies progressed during the plastic portion of the tests at
temperaturés above 200F to an extent that prevented the full increase of
strength from strain-hardening which occurred at lower temperatures.

Ductility: As shown in Fig. 33 there was no general increase in the
total strain to fracture in 24S-T specimens as the temperature was increased
up to about 500F. Any aging which tends to maintain the strength at ele-
vated temperatures also tends to prevent an increase in ductility. Hence the
observed variations in strength and ductility were consistent.

At 600F over-aging and recrystallization contributed to large increases
in ductility at all four strain-rates. Except for a slight decrease in duc-
tility at the highest straln-rate the rate of sfrain had no effects on duc~
tility that were consistent for any two speeds of straining.

d. 75S-T Aluminum Alloy: The 75S5-T aluminum alloy was received from

the manufacturer in the form of round bars which had been hot rolled to

11/16 in. diameter and then cold drawn to the final diameter of 5/8 in.
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The 755-% alloy fulfilled the specifications set up in Spec. AN..A..1i. The
chemical analysis as supplied by the manufacturer is given in Table I. The
gpecific gravity of the 755-T alloy is 2.80. This alloy was in the condition
designated T6 indicating that it had been solution heat-treated and was arti-
ficially aged for 24 hours at 250F by the manufacturer.

Strength: The strength of 755-T aluminum alloy as measured by yield
strength or modulus of rupture in torsion was only slightly less at 200F than
at room temperature (See Figs. 35, 36, 37). A slight strengthening effect
from additional aglrg seems to have taken place at 200F to offset the dele-
terious effect of the temperature increment so Etha.‘l: the strength vas main-
tained almost equal to that at room temperature. This temperature is not
sufficiently high to expect oweraging to occur during the time intervals
encountered here.

The tests at HOOF were appreciably above the normal aging temperature
for this alloy and therefore overaging was probadbly pronounced enough to
add to the ordinary weakening effect of temperature, particularly for the
lower rates of strain. GOOF expressed in absolute units is 1060° Rankine
or about two-thirds the absolute temperature of the melting point of this
alloy., At this temperature the metal was quickly overaged and recrystalli-
zation or softening was rapid; it is weakened bo such an extent that the
strengths observed were very low. The 755-T alloy was no longer stronger
at 600F than other aluminum alloys which exhibit considerably lower strengths
at room temperature.

The ratio of yield strength to modulus of rupture was highest for the
higheet temperature and lowest rate of strain. The maximum torque occurred
at a very small per cent of the total strain for this condition. Probably
a continuous recrystallization accompanied the deformation and its weakening
effect progressed more rapidly than the strengthening effect due to strain
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hardening. The strain hardening capacity of the 755.T alloy was relatively
small at room temperature as shown by the small slope of the tensile true
stress-strain curve illustrated in Fig. 1l

then loaded at room temperature there was no overaging. Any relaxation
or creep took place slowly and there was a gradual increase in resistance to
deformation as a result of weork hardening so that the maximum torque was
reached near the end of plastic deformation. _

Ductility: For temperatures up to HOOF the increase in ductility (Figs.
38 and 39 corresponded very closely with the decrease in stremgth, The
marked increase in ductility at 600F at fourth speed over that for lower
temperatures was expscted to result from oversging and fr'om recrystallization
which could take place readily at this temperature as the crystals were de~
formed, At third speed the additional time allowed more complete recrystale
lization; conditions were optimum for unrestrained or maximum plastic flow.
About 800 per cent shearing strain was reached in third speed tests defore
fracture.

However, when the rate of deformation was less than at third speed
{second and first speeds) a combination of factors produced an embrittlipg
tendency which has been observed (99) in creep and stress rupture tests where
& decrease in ductility resulted from increasing the duration of the test.
Cne possible. explanation for this behavior arises from the fact that the rate
effects are not the same within the grains or crystals as for the grain
boundary material. It has been observed (82) that in some cases for elevated
temperatures a great deal of slip and deformation of the crystal occurs at
one speed and a ductile failure results, whereas at a higher speed less slip
is observed and the fracture surface follows the grain boundaries. These
observations are in agreement with the ductilities measured here in 6OOF

tests of 755-T aluminum.

e¢. FS-1 Magnesium Alloy! This alloy was the lightest in weight of any
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metal tested (Sp. gr. = 1.77) and lowest in tensile strength. The material
was received in the form of 11/16 in. diameter round bars and was the only
metal included in this study that was fabricated by the extrusion process.
This alloy is sometimes designated No. AZ-31B and fulfilled the specifications
set up in Spec. AN-M-27. It was not solution heat-treated or given any other
heat-treatment after extrusion so that any cold work induced by the extrusion
and stretching phases of the operation were not removed from the metal before
the specimens were prepared. The chemical analysis as furnished by the manu-
facturer is given in Table I.

Strength: The torsional strength of the FS5-1 magnesium alloy shown in
Figs. U2-Ui was very low. The linear portion of the torque-time or torque-
twist curve was very short. Despite large amplification of the signal from
the torque weighbar bdridge, the curvature of the torque trace appeared io
begin almost at zero torque, especially for elevated temperatures.

There was a general decrease in yileld strength with increase in tempera-
ture for all speeds of testing (Pig. 42) although the rate of decrease was
moderate. Strain-rate had a distinct influence, higher yield stremgths being
observed at the higher rates of deformation. The rate of loading is signifi-
cent -at all temperatures since pure magnesium creeps at room temperature (99).

Tuctility: At room tempera'ture the ductility was relatively low, being
comparable to that of the 755-T aluminum alloy, At higher temperatures the
ductility (Pig. U5) increased, particularly at the slower rates of deforma-
tion. The deformation mechanism can be either by slip or by twinning. 3Be~
cause of the preferred orientations developed in the extrusion process, slip
1s easiest when the shearing stress is the direction of certain favorably
oriented planes,

The fact that the FS-1 exhibited a continued increase in ductility and

a decrease in strength as the temperature was raised may be taken as an
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indication that there was no precipitation aging of over-aging as is observed
in the aluminum alloys tested here and of some other magnesium alloys. Fo¥
the magnesium alloy the maximum strain of about TOO per cent occurred at
600F for the lowest strain rate (Fig. 45).

f. RC-70 Titanium: This metal was designated™commercially pure®, a

term which does not restrict its composition within close limits, The chem-
ical composition as determined by the mamfacturer is given in Table I. Its
specific gravity is 4.5. It was received in the form of round bars 5/8 in.
in digmeter whiéh were hot rolled and annealed by the manufacturer.

The relative newness of commercial availability of titanium has memnt
that, until recently, very little was known of its mechanical pioperties.
Characteristics considerably different from those observed for the alloys
of steel and aluminum were revealed in the curremt studies.

Strength: The graphs in Figs. 47-1t9 illustrate the sensitivity of the
strength of commercially pure titanjum to time and temperature effects. In
general, there was a marked increase of yleld strength with increase in speed
of testing for all temperatures. There was a substantial decrease in yield
strength with increasing temperatﬁre for all speeds of straining. However,
the rate of decrease of yield strength with temperature for RC-70 was a de-
creasing function so that the loss of strength is less rapid with respect
to increase in temperature at the higher tempefatures than at the low, This
is the opposite of the tendency observed for 755-T aluminum alloy for which
the loss of strength became very rapid for temperatures above L4OOF.

Since 570F is sufficient to provide stress relief of commercially pure
titanium in an hour (123), it is logical to assume that considerable relax-
ation of stress and loss of strength would occur even in rapid tests at TOOF
or slower tests at as low as LOOF,

The contour of the torque record in the region c;f the upper and lower
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yield points for RC-70 titanium appears to be somewhat different from that
for 1018 steel. The initial portions of typical oscillograph records for
tests of RC~70 for each of the test co-nditions are illustrated in Figs. 64
and 65. There was no sharp break to indicate that the torque decreased sud-
denly during yielding. For the fourth speed tests the recording paper speed
was not rapid enough relative to the rate of deformation to show accurately
~the contour of the curve during yielding.

It has been pointed out that for 1018 steel (see Figs. 62 and 63) the
drop in torque during initial yielding was sudden whenever any decrease was
obgerved. It appears then that the yielding mechanism which has been inves~
tigated at great length for low carbon steels (.But 1s still not clearly under-
stood) might be somevwhat different from the mechanism responsible for yield-
ing at a reduced stress in titanium,

N¥o drop in torque at the yield point v;as obgserved in room temperature
torsion tests of RC-T0 titanium at any speed. However, this phenomenon was
observed in tests at elevated temperatures, particularly at the more rapid
rates of strain (Figs. 64 and 65). Similarly the yield point effect in
titanium alloys in tension has been observed to disappear at low tempera-
tures (29).

Ductility: The ductility of the RC-70 titanium shown in Fig. 51 appears
to be nearly the same for all temperatures and speeds except for the two
slowest speed tests at 1000F, This was true for both eged and unaged speci-
mens. Thus for the times and temperatures involved here there was no radi-
cal embrittlement due to absorption of hydrogen, oxygen or nitrogen from the
air. It is generally considered that extended exposure at temperatures wome-
what above 1000F is required for absorption of sufficient quantities of
oxygen and nitrogen to produce drastic embrittlement (124) but some effedt

might have been expected at 1000F, particularly after the two~hundred hour
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exposure. Hydrogen is absorbed at temperatures above 600F but is not con-
sidered to be as serious an embrittling agent as the other two gases.

Complete removal of cold worked properties is possible by exposure to
a temperature of 800F for one thousand hours (123) or more quickly at higher
temperatures. Since the greatest portion of this annealing effect would take
Place during the first few hours or minutes it would be expected that for
tests at temperatures of 1000F snd involving several minutes, softening would
talke place continuously during the test and large values of strain might be
developed before fracture. The corresponding strength would be rather low
for this condition.

Ordinarily the conditions which increase strength properties of metals
also tend to decrease ductility and, although there is no quantitative form-
ulation of this relationship, qualitative corresvondence is usually observed.
In Figs. 48, 49, and 51 this qualitative inverse relationship between duc-
tility and strength is not clearly obvious vhen comparing shearing strain in
torsion with yield strength and modulus of rupture. However when the strain
is plotted to a larger scale as in Fig. 50,.the Increases in strain can be
seen to correspond with the decreases in strength. There is in general
an increase in strain with increasing temperature, exceptifbr the mininum
roint observed for the strain at TOOF for first speed.

This minimum in ductility at 7OOF is not considered to be the result of
hydrogen embrittlement since specimens that were aged for two-hundred hours
in air at JOOF exhibited essentially the same ductility (compare strains in
Fig. 51). Specimens tested at 1000F should have absorbed hydrogen at a more
rapid rate than at 7O00F, but extremely large values of strain were reached
before fracture at the higher temperature. Treating the six specimens (both
aged and unaged) for each condition together the spread in strains measured

for any one set of conditions did not appear to be large enough to suggest
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that the difference in the average was purely a chance result of normal
scatter.

If reduction in ductility at JOOF for this slow straining speed were
due primarily to absorption of hydrogen accelerated in some way by the defor-
mation itself, then the marked increase in ductility at 1000F (when even more
hydrogen would be picked up) indicates that the softening mechanism which
tends to increase the ductility far outweighed the embrittling tendency of
hydrogen at 1000F.

In data reported by the manufacturer (123) and others, the ductility of
titanjum in conventional static tension tests is not greatly effected by tem-
peratur@s up to around 800F or higher. Reduction of area in tension tests
has been reported to show marked increase above about 7OOF but elongation
may be as low at 850F as at room temperature.

g RC-130-B Titanium Alloy: This metal is a ternary alloy with nominal-

ly 4 per cent each of mangarese and aluminum added. Some carbon was also
present in the heat analysis (Table I) although the percentage was not as
large as that in the RC-70 titanium tested. The specific gravity was 4.7.
The RG—l}O—B was tested in the arnnealed condition as received; no effort was
made t0 increase the sirength by further heat-treatment or by cold rolling.
Specimens were prepared from the 5/8 in. diameter hot rolled round bars that
were annealed by the manufacturer.

Strength: In Figs. 54 and 55 it can be seen that the torsional yield
strength of the RC-130~B titanium alloy was sensitive to both temperatﬁre
and strain-rate effects. There was a continuous decrease in yleld strength
for every speed as the temperature was raised. The yield strength was higher
at every temperature for the higher strain-rates except for some of the tests
at TOOF. At this temperature there was no change in yield strength apparent

in the data from tests at the three lowest speeds.
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The values of modulus of rupture shown in Fig. 56 were about the same
for all speeds of testing. At 1000F a sharp decline in strength was dhserved
that was approximately inversely proportional to the logarithm of the strain-
rate.

Ductility: An increase of total strain with increasing temperature is
evident in Fig. 58 for ali gpeeds. The rate of this increase in duétility
was quite constant except at the highest temperature., For tests at 1000F
and the slowest strain~rate an extremely high strain was observed. This
strain, about 3750 per cent, was more than three times as great as that ob-
gerved in RC-70 for the same conditions.

h. Bffect of the Aging Heat-Treatments Data for specimens heated

to the test temperature for 200 hours in advance of the actual test appear
as open circles on graphs where the data for unaged specimens are plotted
by solid cirecles, By comparing these results the effect of the aging treat-
ment can be determined. Since the reaction to aging was different for the

different metals the discussion 'bélow has been subdiwided according to metal.

155-T Aluminum Alloy: A pronounced effect of the 200-hour aging heat-

treatment on the strength of 75S-T aluminum alloy can be observed in Figs.
36 and 37 only for temperatures near 4OOF. Since the manufacturer's aging
treatment produced precipitation for essentially optimum strength, littleor
no increase in strength would be expected from further aging at 200F whether
for one-half hour or for 200 hours. Considerable over-aging or coalescence
of the alloy particles could be expected when the mate;.rial was held at LOOF
for 200 hours. This was evident from the reduction of yleld strength and
modulus of rupture after aging at YOOF. One factor in the reduction of
strength of unaged specimens at YOOF as compared with those tested at 200F
probably was the aging occurring during the half hour at temperature prior
to loading. The additional time for over-aging to take place during the

slower tests may contribute to the fact that at HOOF the reduction in strength
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with decremse in speed of testing was more pronounced for specimens tested
after a half hour at tempei'uturo than for specimens aged 200 hours.

At 600F the overaging seems to have progressed to completion within the
half-hour conditioning and further aging for 200 hours did not show any sig-
nificant effect on the strength at this temperature,

The ductility, like the strength, is effected by over-aging during which )
the coalescence of alloylng elements precipitated out of solution by aging
leaves these particles no longer sufficiently distributed throughout the
matrix to restrict the slip. This change increases ductility as well as de-
creasing ‘the strength, The effect of aging on strain (shown in Fig. 39) is
therefore consistent with that observed for stfength. The apparent differ~
ences betwesn ductility for aged and unaged specimens for 60CF tests are
probably the result of plotting averages, each based on two or three eventsv
which are part of a widely distributed population. For example, Fig. O
shows the strain data for each of the individual specimens of 755-T tested
at 600F. This graph illustrates the wide scatter in th'e points from which
the averages plotted in Fig. 39 were obtained, The heavy solid curve in
Fig. 4O 18 the curve from Fig. 39 through the average points for unaged spec—
imens, and the broken curve is for aged specimens. The light-weight curve
is sketched in to show an average trend of the data for both aged and unaged
specimens. It appears likely that this is more representative of the general
material behavior than the results plotted for the two small groups of spec~
imens., The scatter in the strains meaAsu.rod for the individual specimens at
the three lower temperatures was very much less than at 600F. Therefore it
appears likely that the large apparent effect of aging on strain at YOOF 1
was real, whereas the smaller apparent effect at GOOF was probebly not real
but due mainly to chance effects in sampling and testing.

" 245.T Aluminum Alloy: The effects of the two-hundred hour aging heat-
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treatment on thé gtrength and ductility of 24S.T aluminum alloy are illus-
trated in Figs. 31-33. It can be seen that there was a decrease of strength \
at UYOOF snd 6OOF and accompanying increases in strain as compared with the
specimens which were not given the 200~hour heat-treatment.

The temperature of 4Y0OF was only slightly over that for optimum strength
from sging and therefore for the tests in which the specimen was at this
temperature only a short time the only effect was a slight amount of bene~
ficial aging. However, after 200 hours, over=sging had begun at LOOF with
a reduction of strength and ductility evident. At G60OF, over-aging had no
more than begun in the short time tests so that there was little if any over-
aging. The increase in strain probably was due chiefly to softening and
recrystallisation during the test, After the 200-hour heating at 600F prob-
ably complete over-aging had occurred reducing the strength by about 50 per
cent and increasing the strain by a large factor. The pattern observed for
the variation of strain in 24S-T aluminum alloy specimens tested at 600F in
this over-aged condition was identical to that for the 755-T aluminun lallo;,'.
For the 75S-T it was observed that over-aging was complete at GOOF in both
sged and unaged spécimens (see Tig. 40) whereas for 24S5-T the longer holding
time was required for ovemsging. This temperature was relatively higher
above the aging temperature for T55-T (250F) than for 24S.T (375F); there-
fore, over-aging was more rapid in the 75S-T. A difference could be ex-
pected because the different alloying elements employed in the two alloys
would come out of the supersaturated solution at different temperatures cr
at different rates at a given temperature.

The peculiar loss of high-—temperature ductility at the slower strain-
rates did not occur in the unaged specimens of 24S.T where the coalescence
of the precipitated particles was not complete. However it did occur in
24s.T when conditions were right for complete averaging (i.e. 200 hours at
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600F). An explanation of this behavior on the basis of different rate efe-
fects in the crystal grains as compared with the grain boundary material was
given in Section 84. In this discussion ductility was associated with slip
and a fracture through the grain itself at the one speed and loss of ductil-
ity with a decrease in speed was associated with fracture following the
grain boundaries. This behavior seems consigtent with the presence of accu~
mulations of foreign (solute) atoms along the grain boundaries.

Steel: There was no reason to expect the 200-hour aging treatment to
have a marked effect on the SAE 1018 steel. The only possible change might
be a quench-aging resulting from air cooling after the hot-rolling operation
that would be accelerated slightly by the 200-hour heating. Tempering should
have eliminated the possibility of further quench~aging in the SAE 43UO steel
at temperatures below the tempering temperature.

Comparisons between the sged data (open circles) and unaged data (solid
circles) in Figs. 17, 18 and 20 for 1018 and Figs. 25-27 for U3UO indicate
that if an aging effect were present it was too small to be distinguished
from the normal scatter inherent in the experimental measurements for temper-
atﬂres of 1000F and below. 'The differences in ordinates observed in Fig. 20
between aged and unaged specimens tested at 1000F appears to be a chance
effect as in the case of 755-T aluminum at 600F. Fig. 21 shows the points
representing strain plotted for the individual specimens of 1018 steel tested
at 1000F, This condition givem rise to large differences in observed strain
suggosting a need for more than two or three.samples to obtain a reliable
mean value.

Tests of the specimens of 43HO steel aged at 1200F exhibited lower
strengths and greater ductility than specimens vhich were at temperature only
one-half hour before testing. Since the 1200F was above the temperature

(1130F) at which the L3UO steel was tempered it is not surprising that the
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200.hcur aging treatment at this temperature did tend to soften the steel.
Apparent effocts of aging on the yield point ratio observed for 1018
steel in Fig. 23 (and in Fig. 53 for titanium) also are 1ikely to be due to
chance since any deviations which occur are exaggerated by subtraction of
two numbers ofA the same relative magnitude (Y.P. Ratio - 1). The shapes of
the torque-twist disgrams in the region of initial ylelding were not altered

by the 200-hour heat treatments.

FS-1 dagnesium Alloy: Since this alloy was not solution heat~treated
or gquenched there was no possibiiity for precipitation or quench-aging. It
was cold worked somewhat in the extrusion process but is not a strain-aging
metal. The 200-hour aging treatment would not be expected to have an appre-
ciable effect on the magnesium tested here and none was observed in Figs. 43
to U6,

Titanium: Both titanium alloys were received in the amnealed condition
which would eliminate the possibility of either guench-aging or strain-aging
being accelerated by the 200f-hour heat~treatments given here. The titaniuﬁx
was aged in the bar stock form before specimens were machined. Hence, any
strain-aging of the outer layer that was cold worked during the machining
operation could not occur during the aging treatment. It seems reasonable
therefore that no significant aging effect would be expected in titanium,
and none was observed in the i‘esults plotted in Figs. L48-59.

i. Energy Absorption: It will be noted by comparison of the trends

thch are observed for the influence of rate of strain and temperature on the
modulus of rupture and the maximum strain that the energy absorbed by the
gpecimen follows a pattern that s a combination of the trends observed in
the other two properties. This follows directly because the relationship of
the energy absorded to twisting moment T and the corregponding angle of twist

8! expressed radians, is:
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Lh
Energy in torsion = S° T ae! (5)

The integral represents the area under the torque~-twist curve up to the twist
9{. For the shapes of diagrams obtained for the ductile metals reported
here the energy values were found to vary in close correspondence with the
product of the maximum torque and the total angle of twist to fracture.
Torque and twist are directly proportional to the modulus of rupture and the
shearing strain to fracture, respectively. Discussions devoted to strength
and ductility can be extended therefore to apply to the energy absorption for
the same testing conditions,

The influence of temperature and strain-rate on the energy absorbed by
specimens of the seven metals is illustrated in Figs. 22, 29, 34, 41, U6, 52
and §9. Comparison of the data in these figures indicates that the steels
and titzniums absorbed much mare energy before fracture than did the alumi-
num or magnesium alloys. 3Becsuse any change in one or both parameters pro-
duced opposite effects on the ductility and strength of these metals any
large change in one was modified by an opposite change in the other so that
no conspicuously large values of energy were observed,

J. Deformation and Fracture Characteristics: One of the advantages

of the torsion test over the tension test or the notched-bar impact test is
that the geometry amd dimensions of the specimen remain essentially unchanged
during thLe deformation process. Specimens which are cylindrical before
stressing remain cylindrical and without appreciable change in diameter or
length.

In general, deformation of the specimens tested in this project diad
follow this pattern and fracture occurred at or mear the center of the gage
length as a sharp clean break in a plane perpendicular to the axis of the

gpecimen., Just prior to fracture at the highest temperatures and slowest
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speeds there was a small contraction in area at the section where fracture
was impending and there was a corresponding increase in length, Usually a
small thread of material held on in these cases after the larger portion of
the section had separated.

For both RC-70 and RC~130-B titanium there was evidence of non-homogen-
eous longitudinal layers in the material before testing or which developed
during the process of deformation. Plastic deformation in tersion caused
the surface of titanium specimens to warp or form ridges snd valleys similar
to very smooth coarse-pitch screw threads. The pitch of these "threads" was
in inverse proportion to the total twist beafore fracture and therefore was
smaller for epecimens tested at the higher temperatures and lower strain-
rates (see Fig. 51). Fig. 61 shows a photograph of broken specimens of RC-70
titanium as an example of this nopn~homogeneous deformation. The appearance
of the deformed specimens of RC-130-B was the same. Specimens of all other
materials remained essentially cylindrical during the deformation process,

In tension tests the cross-section of the titanium specimens beca;ne
elliptical in the zone where plastic deformation was large, The major axis
dimension of the ellipse at the fracture surface was about 20 per cent great-

er than the minor axis dimension.

k. Shape of the Torgus-Twist Curves: Figs. 66 to 72 illustrate the
effect of elevated temperatures on the shape of the torque~twist curves for
the seven metals smdied. Curves shown are for the highest strain-rate. At
the slower speeds of straining less drop in torque was observed; at the yield
point somewhpt greater decrease in torque occurred after the maximum was
reached early in the test; and there were considerable variations in strength
and ductility as discussed earlier. Some further details on the shape of the
curves for particular conditions arelinclmled in Section 9.

The mode of fracture progression that occurred controlled the shape of
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the final portion of the torque-twist curves. At the lower temperatures the
failure was sudden and the torque dropped so rapidly the photographic paper
could not record the descending trace but showed the torque immediately be-
fore fracture then gero torque immediately after fracture. At higher temper-
atures and slow speeds the final failure was less sudden and the records
showed that the torque gradually tapered off to zero.

Continuous torque recordings (Figs. 62 and 63) for tests of SAE 1018
_ steel at 4OOF and 7OOF exhibited the jagged contours characteristic of the
material behavior in the blne-brittle range. This recurring process of build-
up and sudden drop of torque is not so clearly observed in larger specimens
vhere an averaging tendency masks out the individual jumps. Hall {42) watched
this process in thin strip specimens and could trace the advance of a Iiders
band with the drop in stress followed by a buildup as soon as one band was
arrested. When the stress reached a sufficlently large magnitude a newlfiders
band darted through the metal, etc. This phenomenon is observed only for a
limited range of combinations of temperatures and strain-rates; it is un-
doubtedly related to the rates of strain-aging and of slip within the crystal-
structure. Portions of records from torsion tests are shown for all four
strain-rates for tests at YOOF and JOOF in Figs. 62 and 63. The sppearance
of the irregularities is also influenced by the rate of travel of the paper
in the camera of the oscillograph as compared with the rate of strain in the
specimen. The torque scale, the time intervals and the twist increments are
labeled to aid in interpreting these records.

Figs. 64 and 65 shows the initial portions of records for RC-70 titanium
illustrating the yleld point phenomenon observed. For several conditions the
yield portion of the torque-twist curves for RC-130-B titanium'was almost
flat or dropped slightly. In these cases the offset yleld strength differed

only slightly from the lower yield point.
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’C Comparative Strengths of the Seven Mstals: The comparative yield

atreﬁgth end modulus of rupture for the seven metals in torsion at different
elevated temperatures can be seen from the results plotted in Figs, 73 to T5.
Data from tests at only the highest and lowest rates of strain are shown.
These curves show that the strength RC-130-B titanium alloy at elevated tem-
peratures is comparable to that on the SAE 4340 steel with some differences
regulting from different strain-rate effects. These two metals stand out
above the others on the basis of yield strength and modulus of rupture. RC-
70 titanium ranks next for all conditions. On the basis of yield strength
at slow speeds 75S-T and 24S-T aluminum alloys are comparable to the RC-70
for portions of the temmerature range but the aluminum alloys are vbry weak
at 60CF or above. The yield strength of SAE 1018 steel was low at room tem-
perature compared to the other metals but was reduced very little by elevated
temperature so that it ranked more favorably with increasiﬁg temperature.

The two aluminum alloys lost strength rapidly at and above HYOOF but the
strength of QHS-T was reduced lesss than the strength of 7H5.T. The FS-1
magnesium alloy ranked lowest in strength at all temperatures tested.

The data in Fig. 73 are replotted in Fig. 75 in terms of the modulus of
rupture divided by the specific gravity. This illustrates the relative
shifts in curves when evaluated in terma of the strength-weight ratios. The
RC-130-B titanium alloy apparently stands out above all others for the whole
range of variables.

m. Influence of Structural Changes on Experimental Observations: In

analyzing the significance of data of the type discussed in this chapter, it
is common practice for engineers to plot two-dimensional curves and draw
conclusions regarding the relation between two variables for conditions in
which the third variable is held constant. For example, one may plot the

strength (either yield strength or modulus of rupture) versus the strain-rate
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for a given fixed temperature. then this is repeated for a second (perhaps
higher) temperature of testing, the general trends observed as the strain-
rate is increased may be entirely contrary to those indicated by the first
chart, This immediately leads the investigator to suspect errors of obser- |
vation or variability of material. It is not immediately obvious why the
same change in one of the variables (for example, strain-rate) may decrease
the gtrength at one temperature yet cause an increase in strength at a higher

temperature.

However, metallurgical instability and marked changes which occur in the

properties of the material during a test make it impossible to draw logical
conclusions from limited observations of this nature. It is believed that a
study of the reasons for the hills and valleys shown on the three-dimensional
surfaces of the types shown in Figs. 17, 18, 20, and the similar charts
plotted for the other metals, gives a much clearer picture of the interactian
of the three variables involved.

In discussing the éffect of strain-rate amd temperature on the strength
properties of a metal, the final test data must be considered to be influ-
enced by "time-dependent" as well as by nearly "time-independent" phenomena
accompenying the structural breakdown of the material., For example, the
exhibition of upper and lower yield points by metals such as low carbon
steels and titanium i8 a process that is inflnenced by time (orr' by strain-
rate) as shown by many different experimenters (11, 13, 16, 22, 30, 35, T3,
112, 128). Theories of dislocation and diffusion processes indicate that
this time-dependence is markedly influenced by an alteration in temperature
of testing.

We might visualize an interaction of two effects as shown diagrammat-

ically in Fig. 101. The trend of Curve A represents for a stable material

the ‘relative strengths that may be expected as the strain-rate is increased.
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However the material may simultaneously undergo an aging phenomenon, a pre-
cipitation of hardening constituents, or some other type of diffusion process
(which in the dislocation theory might be visualized as a progressive block-
ing of dislocations). One might represent by Curve B a second contribution
to the strength caused by these time~dependent changes. That is, for the
slower strain-rates, more time is available for strengthening by aging to
occur; hence, curve B indicates a gradual increase in the strength as the
strain-rate is decreased. If these two different phenomena contridute simul-
taneously to the strength of a metal, the resulting strengths observed would
follow some curve such as C which\represents the sum of the ordinates to
Curves A and B, Ourve C would then apply for only one fixed temperature,
(say 80F), If the temperature of testing is increased however, the contri-
butiops to ‘the strength by the strain~induced aging may be drastically re-
duced. 'i‘hat is, the stimulation of relaxation and recovery processes by ele-
vaited temperature will result in Curve B being depressed/ to a lower level
such as is shown by Curve D. Thus, af; an elevated temperature, the net effect
of strain-rate on the strength may be represented by Curve E which exhibits
somevhat different characteristice from those of Curve C for the lower tem-
perature qf testing. In Pigs. 2l4-a, 30-.a, and 35~a the data show these two
types of variation for yield strength. Two~dimensional plots of the modulus
of rupture vs. strain-rate also showed similar trends for several of the
metals tested. It is believed that these trends are representative of the
behavior of the m;aterial and are not inconsistencies in the test data.

| The ductility (or total anglg of twist) observed during a torsion test
is also influenced by a number of these same instabilities in the structure
of the metal., Deformation may occur by a number of basic'processes such as

follows:
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1. slip

2. tvinning

3. fragmentation

4. elastic bending of crystal lamellae

5. egrain boundary movements

6. transient creep and anelastic effects.
It should be pointed out that there are no fundamental data available to in-
dicate what it is that 1limits the capacity of a metal for deformation or
causes the onset of fracture. It has been suggested (130, 131, 132) that
the primary effect of cold-working a metal is to decrease the mean slze of
' the crystals and thereby raise the elastic strength. Wood (131) has proposed
that there is a limiting crystallite size below which further deformation
and fragmentation of the crystal cannot take place., However an increase in
the temperature should correspondingly alter the limiting minimum stable
fragmentation size because of the increased activity in place change of atoms
and the greater freedom of mobility for recovery and recrystallization pro-
cesses. Certainly the grain boundary movements and transient creep may be
expected to increase greatly the observed deformations at elevated tempera-
tuses if sufficient time is available during the test for these effects to
become pronounced. On the other hand it has been observed in long time creep
tests at elevated temperatures that metallurgical changes in the material or
changes in the mode of fracture sometimes result in greatly reduced ductilify.

During testing, changes may occur that are dependent upon diffusion of

atoms through the matrix by processes referred to by various names such as
relaxation, recovery, recrystallization, aging, precipitation, etec.: these
are all time-dependent and are markedly sensitive no changes in temperature.
On the other hand the deformation processes of slip, twinning, elastic bend-

ing of lamellae and fragmentation are probably influenced to a much lesser
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degree by time effects and may be only mildly altered by changes in temper-
ature. Thus in considering the ductility characteristics observed in the
present tests, one must again visualize the complete interaction of temper-
ature and strain-rate on a given metal since the relative effects observed
at one temperature of testing may be entirely reversed at a different
temperature of testing.

For example, in Fig. 19 the greatest ductility was developed at the
highest strain-rate when strains at UOOF are éompared whereas when a similar
comparison is made at 1000F, the greatest ductility was exhibited by the
specimens tested at the lowest strain-rate. Examining the two-dimensional
graphs such as Fig. 38-b, one might question the consistency of the data
for 755-T aluminum alloy at 600F, The tests conducted at the highest and
iowest strain~rates exhibit roughly the same amount of ductility whereas
those run at the two intermediate strain~-rates show extremely high ductility
However the complete three-dimensional picture of the variation of total
straln with temperature and rate of strain shown in Fig, 39 indicates that
this greater ductility at the intermediate strain-rates is entirely consis-
tent both for the material aged 200 hours at the test temperature and for
that held at temperature only 1/2 hour before testing. Therefore it be-
comes difficult to draw general sweeping conclusions about the effect of
altering either temperature or strain-rate separately withaﬁt conaidering
the interaction of both parameters.

In view of the time- and temperature-dependent instabilities and con~
tinuous change of metallurgical structure which occurs while the metal is
being tested, it becomes apparent that no simple single equation of state
can adequately express the effects of strain-rate and temperatures on either
the strength or the ductility of a'metal. If one deals only with tempera~
tures for which the materials are entirely stable, such an equation migﬁt

be developed. However, even here the very process of deformation changes
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the crystalline structure and this break-up in crystal size and its effect
on grain boundary reactions must certainly develop new instabdilities such as
anelastic after-effects or transient creep, which vannot be adequately ex-
pressed even for single crystals and certainly not for complex polycrystal-

line metals such as those commonly used for structural purposes.

9. Correlation of Strain~Rate and Temperature Effects with Mathematical
Theories.

As pointed out in the previous section it appears probable that no com-
plete and amcceptable theory can be developed to express all the effects of
strain-rate and temperature on the mechanical propertieg of structural metals.
Nevertheless, it was felt desirable to investigate the usefulness of several
proposed relationships in expressing mathematically the variations observed
in data from these experiments. In this section the modifications necessary
jto adapt these equations to the torsion test are discussed, and a comparison
is made between the experimental data and several mathematical functions whicl
include parameters to express the influence of strain-rate and temperature.
Some of the detailed concepts and mathematical equations are presented in
Appendices II and III and only the essential final equations are discussed here,

a. Simplifications Used: Theoretical considerations for correlation

of data of this type are usually intended to determine mathematical expres-
sions relating the flow stress to the strain, rate of strain, temperature

and certain material constants. The equations developed are generally stated
in terms of the "true stress® in tension. For direct application to the
torsion test, these expressions can be rewritten in terms of shearing stress,
shearing strain, and shearing strain-rate, However, it would be more conven-
ient in analysis of the present data to work in terms of applied.torque in-
stead of shearing stress., Arbitrary substitution of torque for stress does

not seem justified since it is known that the two are not equal or even
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proportional during plastic deformation.

For the plastic range, Eq. A20 of Appendix I can be used to evaluate the
ghearing stress at the surface of a specimen. This equation for the shearing
gtress v includes a constant coefficient, Kl = 1/2rrc3, a term involving the

torque T, and a term involving another variable torque, Tye

5 = Kl(‘-l-T - TO) (6)

If T, were negligible with respect to UT or if T, were directly proportional
to T then the substitutuion of a constant times T for 1 would be permissible.
However, in most cases T, 1s not negligible compared with T. Neither is To
always directly proportional to T. Nevertheless, computations have shown that
for a glven or constant 6 (of the magnitudes examined in the three following
sections), the amount by which T, differed from being proportional to T was
small enoagh compzred to YT that valid observations for the plastic range were
possible by using the following sixztplification+:

T =K (n

]

In order to substantiate this reasoning the same types of plots as those
shown in PFigs. 76 to 98 were constructed for representative sample conditions,
The curves resﬁlting showed the same trends amnd scatter when values of T were
plotted as when the more rigorous enalysis employing values of the shearing
stress T were used.

b. Equivalent Strain-Rate Parameter: A quantitative relation between the

the effects of temperature and Strain—rate was suggested in 1944 by Zener

+ In this notation a vertical line followed by one or two symbols will be
used to indicate variasbles which are held constant for a given equation.
In Bq. 7 the shearing stress v is expressed as a function of the torque T
for a constant angle of twist 8. Other variables such as strain-rate and
temperature are not restricted in this equation.
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and Hollomon (112, 113). The flow stress 0 at a given strain ¢ was expressed
by the function

ol =¢2(¢ eQ/RT) = £(P) (8)
¢

where ¢ is the rate of strain, R is the universal gas constant, and Q is a
constant depending on the material. For low temperatures Q has been measured
to be about 10,000 cal. (gm. mol.)"1 for several steels (U6) and since R is

1.987 cal. deg."l mol."l, the exponent becomes roughly 5000/T. The parameter

P then has the value

P= ¢ 05000/ T (9)
Here P i8 a strain-rate modified by a coefficient which is a function of
temperature, or P 1s an Yequivalent strain-.rate!., Using Q as 10,000 this
concept was tested with the present data for SAE 1018 steel and found to give
too little weight to the effect of temperature. For elevated temperatures,
h.qwever, Q is probably not a constant but depends on stress and temperature
as well. By trial and error selection a magnitude can be found for Q to cause
the data to fall along a falrly smooth curve. TFilg. 77 shows the torque
corresponding to a shearing strain of 0.50 in./in. for SAE 1018 steel plotted
to log scale against the parameter P based on Q/R = 40,000,

Since a small variation in temperature produces a larger effect than a
fairly large increment of strain-rate it appears that if the combined effects
are to be expressed in terms of only one parameter, this parameter should
be more closely associated with temperature with an appropriate factor to
account for strain-rate effects. One attempt to develop such a parameter is
discussed in Appendix III and in Section 9-4.

c. General Equation for Flow: The general expression for flow stress

as a function of strain, strain-rate and temperature proposed by Hollomon

and Iubahn, (Eq. B4 in Appendix II) is:
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Correlation of the effects of rate of strain and temperature with the present
data can be examined by use of equations Bll, Bl2, and B13 of Appendix B. Of
these,Eqs. B12 and B13 oan be modified by the simplification for shearing
stregss in the torsion teat given in Eq. 7. ‘'ritten in logarithmic form and

calling the constants ci to 06 we have

1n =C, +C.In¥Y (11)
T"’-Tn 17 %
in T =C +0, In¥V (12)
w3
In T = + C, T (13)
Y,¥ 05 6 R

Constant Strain-Rate and Temmerature: ZEquation 11 is the conventional

true stress~strain equation for plastic flow, T = acb and can be verified by
construction of the torsiomal stress-atrain curves to log scale for the in-
dividual specimens. These curves for at least one specimen of each material
are shown in Fig. 76. These curves are considered to be typical except as
indicated below and can therefore be accepted as checking the theory except
for the following excluded cases:
1. For tests in which a yield point was observed, analysis by means of
Eq. A20 of Appendix I for the region of initial yielding was not
attempted so that for this portion of the plastic strain, Eq. 1l
was not verified.
2. In no case was the relation verified for the portion of the defor-
nation after the maximum torque had been reached. This occurred
relatively late in the test for each metal except at the higher

temperatures.
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3. In RC-70 titanium it was observed that in the torsional testing
there was a tendency for considerable strain after the maxfmum
resisting torque had been developed. This was not the case for
RC-130-B titanium alloy. The proportion of the total strain
that occurred during the period of decreasing torque for RC-70 was
larger for the higher temperatures and for the lower rates of
strain. The flow equation (Eq. 11) was applicable only to the
increasing portion of .the curve.

Y., For RC-130-B the stress determined by use of Eq. A20 seems to
incrense slightly more rapidly with respect to strain than pre-
dicted by Eq. 11 for the specimens for which these curves were
drawn,

Constant Strain and Temperature: ZEquation 12 relates the effect of

strain-rate ¥ to the flow stress or torque for a constant shearing strain ¥
and at constant temperature Tp. This equation indicates a linear relation-
ship to exist between In T and In '{'; Hence, 1f In T for constent Y and con-
stant Tg 1s plotted vs. In ¥ and the experimental values fall on a straight
line, Eq. 12 is satisfled. Since the speeds employed in the present testz
differed by factors of 50 to 1, the speed numbers can be used to represent
the logarithm of the strain-rate.

In Figs. 78 to 84 the torque is plotted to a log scals versus the speed.
Each point represents the results obtained from one specimen., Data are shown
for two values of shearing strain for each material (that is, ¥ equals 5 pei'
cent and 50 per cent for steel and titanium, and 2 per cent and 20 per cent
for the alumimum alloy). Several other strains were also studied with re-
sults similar to those ehown.

The curves ¢btained are nearly straight for all temperatures for the
values of Y checked. Therefore, it can be concluded that the function which
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expresses the variation of the logarithm of stress or torque with the loge~
rithm of strain.rate is very nearly lineai' for all seven metals teste_d. Al.-
though the graphs for specimens which were given the 200-hour aging treatment
have not been included here, these data were studied and the variation of
In T with speed was also found to be linear, even for the aMinum alloys
tested at temperatures at which the effects of the aging treatmént on the
strength and ductility were large.

These data indicate then that although the effect of strain-rate is not
large in general, the variations in strength with changes in strain-rate can
be predicted fairly well be the relation:

Tl = 4R (a4)
‘Y,TR

for all seven metals at all temperatures investignted. In this expression
c; and cz depend on the strain, temperature and material. It will be noted

that particularly close agreement was observed for the SAE 4340 steel Fig.79.

Jonstant Strain and Strain-Rate: Equation 13 relates the torque or

stress to the temperature for constant strain and strain-rate. The logarithm
of the torque T is expressed as a linear function of the sbsolute (Rankine)
texperature Tp. This can be checked readiiy by plotting the torque to a log
scale versus Tp ‘or, more conveniently, versus the Fahrenheit température TF
since TR = TF + ’459.6°. with the difference between Tl‘ and TR included in tho
constant c5 in Eq. 13.

Some of the data which have been plotted in this manner are included as
Figs. 85 to 91, The trends of the points in general appear to form ratiler
definite curves which can not be consldered linear. Therefore it must be
concluded that Bg. 13 is inasccurate in expressing the variations of strength

properties caused by temperature changes. For the two titaniums the trends

were more nearly linear, particularly at the faster speeds. Howewer, consid-
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erable variations from the straight lines were observed at the slower speeds.
Por SAE U340 steel the trends were essentially linear up to 7JOOF but wide
differences were evident for higher temperatures. The patterns in which test
points fall for aged specimens were similar to those shown for the unaged
specimens.

These data indicate that (with the possible exception of titanium) the
effect of temperature for the ranges of variables studied here did not con-
form well with the theoretical relation expreased in Eq. 13. The reason for
this inaccuracy may be attributed to such actions as precipitation and coa~
lescence of solute atoms at certaintemperatures and strain-aging. In other
vords, the properties of these metals changed somewhat during the progress
of the test and could not be expressed by a single simple squation that is
independent of the parameter of time.

The behavior of titanium was more nearly predicted by the theory: this
is further evidence that the types of aging phenomena observed in the other
two metals were not present (or were less significant) in the titamium.

d. Yelocity-Modified Temperature Parameter: The veloeity-modified

temperature proposed by MacGregor and Fisher (70-72) is briefly discussed in
Appendix I11.The data with which this concept was originally tested (70, 71)
seemed to support the hypothesis even for some instances in which ultimate
siresses or yleld stresses were used instead of the flow stress as expressad
by the theory.

On the basis of the simplification discussed previously in Eq. 7, this
concept may be expressed here in the form:

T] = £(Tp) (15)
Y
where: T = torque at given shearing strain ¥

Th = velocity-modified temperature.
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The defining equation for the velocity-modified temperature 1s:

.§
Ta=Tr{(1-k M ;;;)

In this relation the slowest strain-rate was selected as the reference
strain-rate for this investigstion so that ¥, = 0,0001 in./in./sec. ' The
X values chosen %o fit the data to the smoothest possible curves veio found
to be:

k = 0.0J0 for SAE 10185 steel

X = 0.010 for SAE 4340 steel

k = 0,010 for 24S-T aluminum alloy

k = 0.015 for 755-T aluminum alloy

k = 0,020 for FS-1 magnesium alloy

k = 0,030 for RC-70 titanium

k = 0.015 for RC-130-B titanium alloy

For each metal the data were examined by plotting the torque vs, T,
for at least three values of strain. One of these charts for each metal is
included in Figs. 92 - 98, From these graphs i1t can be seen that there is
general agreement with the theory since the points group fairly well around
a relatively smooth curve that has been sletched in to follow the average
trende The shapes of the curves thus obtained are not the same for different
metals, but no attempt 1s made by the theory to predict the shape of the
ocurve. |

Correlation was noticeably poorer when the yield strength or the modu-
Ing of rupture was plo;ted instead of flow stress or torque at constant
strain. A very bdroad band was required to envelope the points thus obtailned
althouzh the general course followed by the band was similar to that for the
curves shown in Figs. 92 - 98,

These data indicate that for all metals studled it is possible to
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spproximate the effects of both strain~-rate and temperature in terms of a
single parameter, the so-called velocity-modified temperature, for the range
of variables investigated. Mo simple relationship resulted however between

thig parameter and the flow stress or torque for a given twist,

10. Correlation with Other States of Stress.

In the opening section of this report it was pointed out that one of
the problems encountered in utilizing the results obtained in any series of
experiments 18 to know how to interpret the data for applications involving
somevhat different conditions. Results of the torsion tests reported here,
in which the state of stress was biaxial, would not be expected to conform
exactly with data from uniaxial tension or bending tests or from triaxial
stressing,

It 18 beyond the already bdroad scope of this project to develop means
of applying the results obtained here to cases for which other conditions
are encountered. However, it seems worthwhile to point out some of the tools
already avallable which might contridbute to more general application of these
data.

One method for correlation of properties of materials subject~d to dif-
ferent states of stress is on the basis of stress-strain characteristics.

In order to make this type of correlation, the generaliged, effective or
significant true stresses and strains must be computed for the given stress
conditions., Assuming that the corresponding principal stresses and strains

are known or can be determined, the generalized stresses € and strains ¥

are defined as follows:

o

T
o= \['2' [(:01 - a3)? + (o - 03)' + (og - O;a (17)

Iz
= 5(¢i’+¢:+¢§ (18)
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where o;, Oy and 03 are the three true normal principal stresses and ¢;, ¢,
and ¢3 are the true normal principal strains. |

For pure tension op = 83 = 0 and ¢y = ¢3 = » pey. Using poissons ratio
# as 1/2, the expressions for generalized stress and strain, Eqs. 17 and
18 reduce to:

.&- = 61 (19)

e ¢ (20)

For pure shear in torsion, 0; = - 03 = T, and Oy = O, where T is the

shearing stress. The generalized stress for this case reduces to:

o=\3r (21)

The strains for torsion are related in the same manner, i.e. ¢ = ~ ¢3,
€= 0, and ¥ = ¢ ~ ¢3. Y is the ghearing strain computed by the relatvion
cf_ as discuesed in Section Ta. Making these substitutions the equation for
generalized strain reduces to:

?g\ﬁic,.\%__v (22)

Hquations 21 and 22 may be used for correlation of the torsion test data
with the stresses and strains for a uniaxial strees condition. Somewhat
more complex relationships may also be derived from Egs. 17 and 18 for other
combinations of principal stresses encountered in a service condition. For
these, the values of the effective or generalized stresses and strains

(0 and a may be predicted from the torsion test data by means of Eqs. 21
and 22. '
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IV SUMMARY AND CONCINUSIONS

An experimental study was made to determine the effect of rate of strain
and of elevated temperatures on the mechanical properties of saven different
structural metals in pure torsion. Prepared samples were tested at four con-
stant rates of strain in the range from 0.0001 to 12.5 in./in./sec. and at
four temperatures ranging from room temperature to various maximum tempera-
tures up to 1200F depending on the type of alloy studied. Values of the
torque, angle of twist and time were continuously recorded automatically to
provide data from which the usual torajional properties were computed.

The experimental data were analyzed in terms of the basic mechanisms
controlling the behavior, and the effects of the two parameters were compared
with mathematical theories in the literature. From the results of this study
the following conclusions are summarized:

1. Increasing the temperature caused the yield strength and mod-

ulus of rupture to decrease and caused the angle of twist to
fracture to increase for all materials and for all rates of
strain except (a) in the blue-~brittlemess temperature range
for steel, and (b) in the temperature range for aging of
aluminum,

2. Increa_sing the rate of strain usually caused some increase

in strength but tc a lemser degree than that caused by decreas~
1;15 the temperature. However, increasing the rate of strain
had a pronounced effect on ductility. The greatest ductility
was obgerved at the highest temperature and slowest rate of
strain except as noted in items 7, 15 and 16 below.

3. The rate of increase of flow stress r (or torque T) at a

given strain-rate ¥, can be expressed with a good degree of

accuracy by the equation
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f" = cy1%
v,R

where ¢, and ¢y are constants which depend on the material,
the temperature and the amount of strain.

4, The rate of increase of flow stress = (or torque) at a given
strain with Increase in t-empera'ture for titanium can be ex-
preseed approximately by the equafion

] g™ {23)
.?"Y

for ¥ 0,005 in./in./sec. where J and h are constants
which depend on the material, straln and strain-rate.

5. The rate of decrease of flow stress 7 {or torque T ) for a
glven strain with increase in temperature for the other metals
at all speeds and for titanium at ¥ = 0.0001 did not conform
with the behavior predicted by the Eq. 23. The shape of the
curve {In T vs temperature) was different for each different
temperature.

6. It is possible to express the effects of both strain-rate
and temperature in terms of a single parameter such as the
velocity-médified temperature T, and get a smooth curve for
flow stress or torque at a given strain when plotted versus
The The shape of the curve obtained was different for each
metal studied and did not appear to be readily expressible
in mathematical form.

7. At certain elevated temperatures beginning at sbout YOOF |
a reduction of ductility and a slight increase in strength
were observed for SAE 1018 steel. This is usually referred
to as blue-brittleness,
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8.

9.

10,

The absolute (Rankine) blue-brittleness temperature Tp for
SAE 1018 steel was a function of the rate of shearing strain

which can be expressed roughly by the eguation

32, 500
R= o+ m?

for the present data and for that of two other investigators.
The torque-time records obtained in the blue-brittleness range
exhibited the jagged or erratic contours typical of the vari-
ations in flow stress developed by the strain-aging phenomenon.
The specimens of SAE 1018 steel tested at room temperature
exhibited a yleld point in the ordinary tension test, and

a sharp yield point was observed in the more rapid torsion
tests at the lower temperatures; The ratio of the upper to
lower yield point torques observed was found to decrease with
an increase in temperature, and decreased or disappeared at
the lower strain rates.

The specimens of RC-70 and RC-130-B titanium tested at room
temperature exhibited a definite yield point in the ordinary
tension test. A pronounced yleld point was also observed

in the rapid torsion tests of RC-70 at elevated temperatures.
The ratio of the upper to lower yield point torques observed
at the highest strain-rate inc:eased with an increase in
temperature and decreased or disappeared at the lower strain-
rates. The yleld point observed in torsion tests of RC-130-B
was less pronounced than for RC-70 titanium and not as cone
gistent,

The properties of the titanium were more sensitive to changes

in strain-rate than were the properties of the other metals,
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13.

w,

15.

16.

17{

i8.

Specimens of steel, aluminum and magnesium remained cylind-
rical when deformed and there was no appreéia’ble change in
their dimensions. The titanium specimens however, tended to
deform in such a manner that ridges formed on the surface
and wound like screw threads around the circumference at large
strains,
Very large strains were developed before fracture in the speci-
mens of 1018 steel, magnesjum and titanium in ;tests at 0.0001
in./in./sec. strain-rate at the highest test temperatures.
These strains and temperatures were:

1000 per cent at 1000F for SAE 1018 steel

800 per cent at GOOF for FS-1 magnesium alloy

1200 per cent at 1000F for RC-70 titanium

3750 per cent at 1000F for RC-130-B titanium
The largest strains in SAE U340 steel (800 to 1000 per cent)
were developed at 1200F in tests at 0.005 in./in./sec.
The greatest ductility for the two aluminum alloys was about
800 per cent and occurred at 600F at a strain-rate of 0.25
in./in./sec. (not at the slowest speed as for the metals
listed in item 1), Marked decreases in total angle of twist
were observed for both higher and lower rates of strain.
The two-hundred hour aging treatment (at the test temperature)
in advance of the test had no appreciable effect on the strength
or ductility of steel or titanium for any temperature up to
1000F or any strain-rate studied here.
Two~hundred hours at 1200F produced some inorease in strain
and some decrease in strength of SAE 1&31&0 steel as compared

with unaged specimens.
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19. The two-hundred hour aging treatment produced a decrease in
strength and an inorease in ductility for all speeds of test-
ing of 755-T aluminum alloy at LOOF, and for 24S-T at HOOF

and 60CF, dbut had no appreciable effects at other temperatures.
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APPENDIX 1I. _
Derivation of the Equation for Shearing Stress in Torsion

Computation of the actual shearing stress at any point in a member sub-
Jected to torsion can be made using the well known v = %‘l relationship for
only stresses which remain proporticnal to the corresponding strains. VYhen
this equation is used for torques exceeding the limit »f proportionality the
the so-called stress resulting is not real but merely represents the torque
converted to stress units by dividing by the factor -;Iwhich is a function of
the cregs-sectional area.

It 1s possible hawever to develsp a relationship expressing the true
sheafing stress at the surface of a cylindrical lsaar subjected t6 pure torsion
as a function of the twisting moment, the angle of twist or shearing strain,
and the rate »f increase in moment with resnect to twist or strain, This
relation for torsion is similar to the equation for bending develovned by Her-
bert (329). It is based on the assumptions ef homogeneity and isotropy ef
the material and applied to a dar of uniform circular cross-section at a peint

sufficiently removed from the point of ampplication of the load so that stress
is not a function eof axial position.

The bar is subjected to a twisting moment or torque T acting in a piane
pernendicular to the longitudinal axis of the bar (See Fig. 99). For equi-
1ibrium the resisting moment on any normal croes-section must de equal to the

ggrlied twisting moment

T p'rpdA (A1)

But by choosing dA as a ring ef radius p and width dp the element of area is

dA = 2wpdp and we obtain
€
Tuﬁifppzdp (A 2)
If the assumption is made that the shearing strain Yo in each element of the
cross section is proportional to the distance of the element frem the central

WADC TR 53-10 80



longitudinal axis for both elastic and inelastic shearing strains then p and

dp may be expressed in terms of shearing strain ‘Yp:

bl o (43)

where! 'Yp is the shearing strain at a radius p
¥ is the shearing stralin at the surface where p = ¢
=& AL
then ap = Y avy p (A1)
and p* = (%)a '\(pa (A 5)

Substituting these values ef p and dp in Eq. A2 and anplying the cerres-

ponding limits to ‘Yp we cbtain the relation:
¥

c 3., a '
T =21 "p("v') vl av, (A 6)

o
Since Y and ¢ may be treated as constants in the integration with resmect

to ¥, Eq. A6 may be rewritten as follows:

3
12"--'%-. S AR (A7)
(+)

But if it can be assumed that th% shearing stress is some function of the
shearing strain (and angle of twist to which the strain is proportional), then
To = £(Y,) ‘ (A 8)
There 18 no need to assume what that functional relationship is, but by using
Eq. A8 and letting
F(¥p) = ¥g? 2(¥p) = Yoir, (a 9)

Eq., A7 may be written as follews:

Br (" |
;—:; = F(’Yp)d'fp (A10)
o

Here the function F(Y,) is not known, so the integral cannot be evaluated
directly, However by taking the partial derivative with respect to Y we

obtain:

Y
%.;5 F(vp)avy = %,; (f—%'%) (A11)
o 2ne
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or if we let f F(Yplav, = G(Yp) | (812)
it results that
s Y
-s'rv- G('Yp)] =

pn L ) (x3)
¢

Evaluating the lsft gide of the equation for the limits given we have

8
= [G(‘V)] = F(Y) = w? (A1)
and

-g—.; c(o)] = F(0) = 0 (A15)
so that

P = ey (3y31 + v £y (426)

. &
or
1 8
= 3T+ Y =) (a17)

Equation Al7 provides us with an expression from which we cem determine
the shearing stress T in the outer fibers for any ¥ if we have test data from
which to draw the curve giving the relation between the twisting moment T and

the shearing strain ¥ in the outer fibers.

By noting that g— is the slope of the T vs ¥ curve and hence for any point

P on the T=Y curve

8T T T,
] (418)

vhere T, is the intercept of the tangent on the T axis, (see Fig.100), we can

substitute this relation in Eq. Al] and obtaln

e R R ) (A19)
ene
oy
1
= — (47 - 1,) (A20)
¥ ane °

Equation A20 gives the relationships in the most convenient form for use

in determining v from the T ve ¥ curve. However Y = c8'YX where: 8' is the
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angle ¢f twist in radians in a length i. 8! = 6/57.3 where 8 is expressed

in degrees so that ¥ = c6/57.39. = K8 where K is a constant for a given speci-
men if the dimensions do mot change during twisting. Since plots of T ve @
were made as a part of routine calculations of data, true stresses computed
were determined from the T va. 8 curves available rather than replotting T
versus Y.

In application of Eq. A20 %o actual curves ebtained experimentally 1t
should be pointed out that difficuities are frequently encountered. In the
case of the metals which exhibit a sharp drop in the torque at the yield point
the stress at the circumference as calculated by Eq. A20 would have an un~
reasonably large negative value due to the very high Ty for the falling pore
tion of the curve. This is evidence of non-homogeneous yielding. Strain-
aging which depends upon a function of time, temperature, énd gtrain would
lead to an inhomogeniety across the section which 1s a funetion of the strain,

If the T vs. ¥ (or T vs. 8) curve does not continue to increase all the
way to fracture but passes through a maximum, the slope of the tangent, hori-
zontal at this maximum point, would be zero, Hence, the term 52 in BEq. Al7

8Y
would go to szero giving the maximum stress:

3@
;m (A21)
are

Tmax =

The modulus of rupture was defined earlier in terms of the same T and ¢ as:

' T c 27T
max m
Modulus of runture = = %\x (a22)
J me

By comparison of Eqs. A2] and A22 it can be seen that, for specimens for which
a horizontal tangent was cbgerved in the T vs 0 diagram, the actual maximum

shearing stress is equal to three~fourths of the modulus of rupture.
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APPENDIX II.

Discusgsion of a Gensral Equation for Flow,

A general expression relating stress, straln, temperature and strain-
rate for plastic deformation has been proposef by Hollomen and Iubahn (47,
48, 67) and is based on a series of simple relationships among different pairs

of these variables obtained by holding other pairs econstant. These relation-
ships are:

_ mn
o=Ace l," e (B 1)
e=ni? o (3 2)

§
UYr=Tp( WP - mt/!‘*c.t (3 3)
Equation B3 expresses the same relationships as the expression for the para-
meter P which is defined and discussed briefly in Section §b. JFrom these
three relationships (Egs. B), B2 and B}) lubshn (67) shows how the equation

Tp 3 Dp (BE- Ty n%—;)

o= (0 (}-o) ¢

(B &)
can be developed. In this equation C, D, B, F, G and €o are constants Af
the material. TR is the absolute temperature, ¢ is the true strain and ¢,

the true strain-rate, The term G.:l'n is added te the equation as presented
earlier (47, hg).

Yor constant ¢, Eq. 4 becomes

o = 00 R(n TR, (% + TTg) (8 5)

vhere H and I are new constants. However

' D
@R o (5T R e R (B 6)
where i is another constant. Combining the two constants, ¢ and i which

have the exponent Tp, we have the constant N and thue

oo ReE? ITR)
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Written in logarithmic fdrm this becomes

ln0=1n0+TRlnN+(E+ITR)]nc ‘(Bs)

which in termg of simplified constants W and M is
Inoe W+ Mg+ (B+ IT;)In ¢ (8 9)
For congtant ¢ we have

Ing=W+ Mp+X+SlgeU+ VI (210)

with simplified constants,
For application directly to torsion the two.diimensional relation ex~

pressed in Equations Bl, B2, and B10 can be written as follows:

T = ay® {311)
¥,Tr

-rl = ay? (312)
Y,Tp

ln'r‘# =g+hTy (813)
.Y

vhere a, b, 4, £, h and n are material constants,
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APPENDIX III.
Discussion of the Velocity-lodified Temperature Parameter

In order to simplify the study of the influence of temperature and time
(or rate of strain) on the flow stress or stress at a given inelastic strain
it has been proposed that the number of significant variables may be reduced.
Since the effects of temperature and rate of strain are believed to be inter-
related, MacGregor and Fisher (70, 71) have proposed that instead of express-
ing the flow stress as a function of three veriables, absolute temperature,
strain-rate and strain, as:

o= f(Tq, ¢, ¢) (c1)
the first two could be comdined in a "veloctiy-modified temperature" Ty
leaving
o= £(Ty, €) (c 2)
An expression for determining Tm was also proposed:
l'mc'l‘R(l-:k]n%g (¢ 3)
where: ‘?o is an arbitrary reference strain-rate and k is a constant for the
material selected (presumably by trial and error) so that when stress is
plotted versus Tm a smooth curve results. This expression was developed from
a theory proposed earlier by Eyring (24) based on an absolute reaction-rate
and an expression of secondary creep developed by Kauzmann (58).

This concept was examined by lMacGregor and Fisher in terms of tensile
data, some of which was original and some borrowed from the literature, and
general agreement was observed for the materials and ranges of variables re-
ported.

For torsional test data the shearing strain-rate may be used and the

absolute temperature Ty selected for use here is in terms of the Rankine

scales Thus, the shearing stress in torsion, according to this concept
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would be

T = £(Ty, V) (c k)
and because of the approximate relationship of torque T to shearing stress
v, and of the shearing strain Y to the angle of twist 0, this function can
be rewritten as

T = £(Tp, 6) (¢ 5)

WADC TR 5310 87




APPENDIX 1V

Tables of Individual Test Results

WADC TR 53-10

Table 1. Torsion Properties of SAE 1018 Steel at Room
Temperature. :

FIRST SPEED Specimen No., /-2 /-4 /-66 Average
Proportional Limit, 1000 psi 203 267| 284 28/
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | a%ol| 24,7| 284 2Y
Yield Point (Lower), 1000 psi | as54| 458 24.9 284
Modulus of Rupture, 1000 psi 605\ 4922 708 46.8
Shearing Strain, in/in 2,00 226 276 23¢
Energy Absorbed, in-l1b 2690 3344 4080 3370

SECOND SPEED Specimen No. /-/ [/-/8 /-49 /-&5 Average
Proportional Limit, 1000 psi l 29.9) 02| 228| 747 2£9
Yleld Strength, 1000 psi
Yield Point (Upper), 1000 psi | 3/5| 702| 294 | 200 303
Yield Point (Lower), 1000 psi 283 45| 248 244 248
Modulus of Rupture, 1000 psi 704 693| 700 699
Shearing Strain, in/in 284 a8%| 2.9¢ 244
Energy Absorbed, in-1b 4£3/0| 3.870| 4 320 41770

THIRD SPEED Specimen No. /-3 /-/7 /-35 /-7 /-§& Average
Proportional Limit, 1000 psi | 37.9| 34.2 245 7x2| 33F
Yield Strength, 1000 psi _

Yield Point (Upper), 1000 psi 394 292| 38/| 33| 392, 382
Yield Point (Lower), 1000 psi | 303 | 72.0] 299 284| 33.7| 309
Modulus of Rupture, 1000 psi 7% 664 13/ 687
Shearing Strain, in/in 2.6/ 2.96| 298| 222 25¢
Energy Absorbed, in-1b 3890 L4so| 6046 3479 3,450

FOURTH SPEED Specimen No. /-/4 /-42 1-$2 /-4f /-36 Average
Proportional Limit, 1000 psi s/0| so8| w3 4#7.6
Yield Strength, 1000 psi S
Yield Point (Upper), 1000 psi | s/o| so0$| «1.3 476
Yield Point (Lower), 1000 psi JE¢| 365| 373 36.7
Modulus of Rupture, 1000 psi | §%0| 673| 4538 6.7
Shearing Strain, in/in 1.22| 29| 2/3| 238 233] 2zf]
Energy Absorbed, in-1b 3840| 33/0| 3.4¢0 3¢30°

28



Table 2, Torsion Properties of SAE 1018 Steel at 400°F (Not Aged)

FIRST SPEED Specimen No. /-9 /-64 /-1a8 Average
Proportional Limit, 1000 psi 2671 147} 2977 23.0
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 247| 264| 280 271
Yield Point (Lower), 1000 psi 243 202 2974 240
Modulus of Rupture, 1000 psi 723/\ 72./| p3=2 26./
Shearing Strain, in/in 090\ 0,94 093 189
Energy Absorbed, in-1b 1,378 14r0| 1420 /, Yoo

SECOND SPEED Specimen No. /-/3  /-469 [-/26 Average
Proportional Limit, 1000 psi 2857 2661 27 ¢ 2646
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | as7| 26€| 274 266
Yield Point (Lower), 1000 psi | 228| a2¢5| 247 2¢3
Modulus of Rupture, 1000 psi L6l 744| 763 73.1
Shearing Strain, in/in .37 r.2/| 129 /.29
Energy Absorbed, in-1b /, 920| 4 #FA 2030 /940

THIRD SPEED Specimen No. /-29 /-73 [-/2G Average
Proportional Limit, 1000 psi 298| 320./| 280 285
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 22¢| 30 /| 280 28§
Yield Point (Lower), 1000 psi | 22,6 272.7| 162 288
Modulus of Rupture, 1000 psi 709 7¢5| 2¢0 231
Shearing Strain, in/in 203]| (S0} /62 /.72
Energy Absorbed, in-1b 2,9/0| 2,3%0| 2480 2 590|

FOURTH SPEED Specimen No. /-30 (-9% [-/(30 Average
Proportional Limit, 1000 psi 25.1| 448} 392 36,0
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | #¢3| 44§| 3%2 Y24
Yield Point (Lower), 1000 psi | 23.4| 267 27/ 257
Mocdulus of Rupture, 1000 psi #n3.1y 97281 72.¢ 2
Shearing Strain, in/in 224 | 1.96] 1.8 2.02
Energy Abscorbed, in-1b 3490 3,720 2,240 3/20
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Table 3. Tersiem Preperties of SAE 1018 Steel at 00°F (Aged)

FIRST SPEED Specimen No. /-$3 /-8 /-§¢ /-87 Average
Proportional Limit, 1000 psi | 270| 2392| 2724| 285 | 287
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 290| 23.9| 27.4| 28¢ 26.7
Yield Point (Lower), 1000 psi | a50| 2/ 5| 28| 2724 2¢t0
Modulus of Rupture, 1000 psi b8.7| 480 /35| &0 75/
Shearing Strain, in/in 087 0.9%| 0.89| o8 2.90
Energy Absorbed, in-lb 1260| 1, 420| 489 / 480 L4710

SECOND SPEED Specimen No. /-22 /-3 ;-g% Average
Proportional Limit, 1000 psi a54| 27.0| 28./ 268
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 254| 290]| 28./ 26.9
Yield Point (Lower), 1000 psi 22,6| 22./| 250 232
Modulus of Rupture, 1000 psi 689 486 746 7/.¢
Shearing Strain, in/in .82 49| /32 L4y
Energy Absorbed, in-1b 2,/70| 2,130} 2,110 2,140

THIRD SPEED Specimen No. /-2/ [/-§7 Average
Proportional Limit, 1000 psi 273 297 285
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 223| 297 285
Yield Point (Lower), 1000 psi | 22./| 22,6 22.4|
Modulus of Rupture, 1000 psi 20.8| 70.2 70.5
Shearing Strain, in/in 2,/6{ /.95 2.06
Energy Absorbed, in-1b 3,/160| 2,960 3010

FOURTH SPEED Specimen No. /-2« /-$¢ /-90 Average
Proportional Limit, 1000 psi 384 389] 273 36.2
Yield Strength, 1000 psi '

Yield Point (Upper), 1000 psi | 3&¢| 39| 373 362
Yield Point (Lower), 1000 psi | 2/.4| 2¢62| 30.0 285
Modulus of Rupture, 1000 psi 678 69¢4| 789 729
Shearing Strain, in/in 2,68 228| 227 2.40
Energy Absorbed, in-1b 4084 3160\ 3 730 3660
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Tahle } . Tersiem Preperties of SAE 1018 Stesl at TOCCF (Net Aged)

FIRST SPEED Specimen No., /-3/ /-93 [(-/33 Average
Proportional Limit, 1000 psi | /3.2| s%o| /57| /4.3
Yield Strength, 1000 psi r8.6| 7124} 207 /8.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $73) b03| 469 415
Shearing Strain, in/in 3./8| 308 32¢ 3.17
Energy Absorbed, in-lb Y190| 4260 Y 900 4480

SECOND SPEED Specimen No. /-48 /-95 [-/3¢ Average
Proportional Limit, 1000 psi | 73.9| 744 /82
Yield Strength, 1000 psi 1726 799 , /8.7
Yield Point (Upper), 1000 psi ‘

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi | 4o06| 69| 2/0 47,0
Shearing Strain, in/in 2,/8| 2,40 2./3 2,24
Energy Absorbed, in-1b | 2,940| 3,880 3220 3250

THIRD SPEED _ Specimen No. /-&4/ /-i1/ _[-135 _____Average
Proportional Limit, 1000 psi /9.9 22.8| 22,5 2/.79
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi /19291 22.82| 22.¢ 2/.7
Yield Point (Lower), 1000 psi /9.7 220 2/.6 20.9
Modulus of Rupture, 1000 psi b0.4| 468 68°% $5.3
Shearing Strain, in/in L4kl 134 r31] /36
Energy Absorbed, in-1b 19/0) 1,930 /.94 /, 930

FOURTH SPEED Specimen No. /-4o /-9€ (-/52 Average
Proportional Limit, 1000 psi 29.4| 29.6| /8¢ 267
Yield Strength, 1000 psi ,

Yield Point (Upper), 1000 psi | 290| 29.6| 264 " 2%0
Yield Point (Lower), 1000 psi | 22.9| 2¢g!| 276 23.¢
Modulus of Rupture, 1000 psi 676 2ol 6974 9.9
Shearing Strain, in/in r.70| r.38| 155 L5
Energy Absorbed, in-1lb 2,4z0| 3,150| 2,12 2230
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mable 5. Torsien Properties of SAE 1018 Steel at TOO°F (Aged)
FIRST SPEED Specimen No. /-2 /-89 /-r0 Average
Proportional Limit, 1000 psi 71.1| 784 73.¢4 /3.3
Yield Strength, 1000 psi 765 21.0] 166 /8.0
Yield Point (Upper), 1000 psi |
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 4/.8| 629 6/ % 2./
Shearing Strain, in/in 3.30| 2.760 267 2,9/
Energy Absorbed, in-lb aaud §l1o| 3290 39/0
SECOND SPEED Specimen No. /-26 /-9/ [/-/117 Average
Proportional Limit, 1000 psi 169 139| 178 479
Yield Strength, 1000 psi /2.7 7981 79°% /9.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 62.85| 676] 683 66./
Shearing Strain, in/in 2.46] 2,551 1.9/ 23/
Energy Absorbed, in-1b 3390| 3,950 3924 3 4a0
THIRD SPEED Specimen No. /-29 /-$9 [-12/ Average
Proportional Limit, 1000 psi /82| ale| 23.0 20.7
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 20.9{ 2/.0| 230 2/ 6
Yield Point (Lower), 1000 psi 19./1 190 22.¢ 20.2
Modulus of Rupture, 1000 psi 509| 0.6 636 43.4
Shearing Strain, in/in 1.1 139 s1¢ L35
Energy Absorbed, in-1b 2,020 /889 /729 L9790
FOURTH SPEED Specimen No. /-28 /-bo /-92 Average
Proportional Limit, 1000 psi 256| 262 262 24.0
Yleld Strength, 1000 psi
Yield Point (Upper), 1000 psi 2861 2621 262 260
Yield Point (Lower), 1000 psi | 22,0| 20.6| 206 2/
Modulus of Rupture, 1000 psi 687 655| 732 5%./
Shearing Strain, in/in 1.S7| 15%| 128 XA
Energy Absorbed, in-1b 2,090| 2040| /P60 2 000
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Table 6. Torsien Properties of SAE 1018 Steel at 1000°F

(Mot Aged)

FIRST SPEED Specimen No. /-7% /13 [-147 Average
Proportional Limit, 1000 psi 10,44 364 2,98 57
Yield Strength, 1000 psi (Yol 829 9492 /0.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 233 2¢4.1 ar7 230
Shearing Strain, in/in 767 $581 /7.4 70.07
Energy Absorbed, in-1b 3/30] 2840] 4,43 4170

SECOND SPEED Specimen No. /-6/ /-1 (-148 Average
Proportional Limit, 1000 psi /5.1 s6.1] ro.2 /3.8
Yield Strength, 1000 psi 1o 1881 s¢0 76.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 38| 34/ | 30¢ 32,0
Shearing Strain, in/in 738 $02| g4¢# 696
Energy Absorbed, in-1b 250 3874 5794 4960

THIRD SPEED Specimen No. /-3 [-uS (119 (-/43 Average
Proportional Limit, 1000 psi 27 150) 190 14%5 /4.3
Yield Strength, 1000 psi 3.6 /94| »1.2| /7.2 /7.9
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi _
Modulus of Rupture, 1000 psi 362 uto| woy| 362 385
Shearing Strain, in/in 44z2| 38| 3.8/| ys2 4.06
Energy Absorbed, in-1b 2,8/0| 2,8b0| 33/0 2,990

FOURTH SPEED Specimen No. /-62 [f-1/6 1-142 ;446 Average
Proportional Limit, 1000 psi 222 | 224 213 22,6 22/
Yield Strength, 1000 psi 2¢43] 268| 21.8| 23.2 23.71.
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $26| $$0| 4852| k5.9 I X"
Shearing Strain, in/in 308| 2.73]| 3.06| 3.3¢ 3.08
Energy Absorbed, in-1b 3.030| 2,620| 25¢0| 3050 29/0
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Ta¥la T. Torsiem Properties of SAE 1018 Steel at 1000°F (Aged)

FIRST SPEED Specimen No. /-123 [-131 /-15] Average
Proportional Limit, 1000 psi /23| 12,/ 12.5 {2.3
Yield Strength, 1000 psi /Y¥Y 148 ]3.7 14.3
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 229| r9.9114.1 2.6
Shearing Strain, in/in | 664 7283 a.%] 7.7%
Energy Absorbed, in-lb 3,2¢0| 34oo| 3130 3,260

SECOND SPEED Specimen No. /-/2¢ /-136 /-/$O Average
Proportional Limit, 1000 psi /86) 13./| 7137 14/
Yield Strength, 1000 psi /7.8 152| 187 /6.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 32.6] 30%| 274 30.9
Shearing Strain, in/in §£97 poxl 9.1/ 7.72
Energy Absorbed, in-1b Yayol £s80| 4020 $3Ye

THIRD SPEED Specimen No. /-/27 [-/37 [-/$% Average
Proportional Limit, 1000 psi 7385 12| .8 r2.4
Yield Strength, 1000 psi /801 732 732 /3.8
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi | 29.0| 266| 262 273
Shearing Strain, in/in 3.97| 495 476 $u9
Energy Absorbed, in-1b 2,270| 2290 2. 2,360

FOURTH SPEED Specimen No. /-/2§ /-/¢0 [/-/1%% Average
Proportional Limit, 1000 psi | /%.2| 20¢| /7.3 /8.8
Yield Strength, 1000 psi 204 2/.3| 182 20.9
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi £33 ugS| «go §0.3
Shearing Strain, in/in 303| 323| 306 3.//
Energy Absorbed, in-1b 3070| 30/0| 2800 2,940
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Table.8. Torsion Properties of SAE 4340 Steel at Room

ture.

FIRST SPEED Specimen No., 2-85 2-28 2-/o0 Average
Proportional Limit, 1000 psi . | 9/$| .9727| ree.0 964
Yield Strength, 1000 psi 1130| 1080| s/00 /1/0.3
Yield Point (Upper), 1000 psi ‘
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi t38.0| (1380} 1370 1373
Shearing Strain, in/in 0.88) 08/| 092 0,87
Energy Absorbed, in-1b 2900} 2 8§50 2,900 2780

SECOND SPEED Specimen No. 2-40 2-92 2-/1/3 Average
Proportional Limit, 1000 psi | g¢&6| 924 970 9.7
Yield Strength, .1000 psi 103.0| s0¢0| /1080 /053
Yield Point (Upper), 1000 psi ‘

Yield Point (Lower), 1000 psi ‘
Modulus of Rupture, 1000 psi 1370 134 6| 1290 (369
Shearing Strain, in/in 0871 /05| 0,99 297
Energy Absorbed, in-1b 27640 33/0| 3,760 3 050

THIRD SPEED Specimen No. 2-93 2-99 2-/69 2-/2/ 2-/23 Average
Proportional Limit, 1000 psi | /063{ 920| peo| §2.5| 1000f 92¢
Yield Strength, 1000 psi 198| 1090 780| 988| r700] /04%
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1438 r360| 1280 s342| 7360 /332
Shearing Strain, in/in 0.80| 123 r09| 0.6/ 0.63 0,27
Energy Absorbed, in-1b 2,660, 3,980 3.130| £, 780| / 960

FOURTH SPEED Specimen No. 2-48 2-/od 2-//p 2-/22 Average
Proportional Limit, 1000 psi /180| 1068 965 | 1100 1078
Yield Strength, 1000 psi 1790 st.0)| 1180 /15,0
Yield Point (Upper), 1000 psi '

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1379 7408 1370 reso /329/
Shearing Strain, in/in 036 038 0.52| 0.44 43
Energy Absorbed, in-1b 1,220 12400 / $90| 1 3%0 4,350
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Table 9. Torsion Properties of SAE 4340 Steel at 400°F
(Not Aged)

FIRST SPEED Specimen No. 2-42 2-98 2-71/ Average
Proportional Limit, 1000 psi E9.U) 6322) 442 682
Yield Strength, 1000 psi g1 907 219 5./
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1386\ 1404 1470 /Y420
Shearing Strain, in/in 0.96| 0.97| 08¢ 09¢
Energy Absorbed, in-1b 304o| 3030 2,790 2,950

SECOND SPEED Specimen No. 2-36 2-w2 2-/126 Average
Proportional Limit, 1000 psi | go.&| gav| 79/ p0.6
Yield Strength, 1000 psi 00| 940 | 915 9/.8
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi |/2/8| 723.7| /322 /32,8
Shearing Strain, in/in 285| 087) 077 2583
Energy Absorbed, in-1b 2,800| 2,480 2,270 2,4%0

THIRD SPEED Specimen No. 2-3§ 2.9 2-/27 Average
Proportional Limit, 1000 psi 2781 673 7¢4S 728
Yield Strength, 1000 psi g2.5| ps.g| 913 299
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 122.8| 722,8| 128/ 7238
Shearing Strain, in/in 098 173 109 7,07
Energy Absorbed, in-1b 2,750| 3,180| 3050 2 990

POURTH SPEED Specimen No. 2-86 2-90 2-/1¢ Average
Proportional Limit, 1000 psi 9%0| 939 969 7/6
Yield Strength, 1000 psi 99.9| 926 99.7 99.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1080 1164 50 178/
Shearing Strain, in/in 282 ou¥| gus 2,49
Energy Absorbed, in-1b /360 1,280] /, 230 /.290|
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Table 10. Torsion Properties of SAE 4340 Steel at 400°F

(Aged)

FIRST SPEED Specimen No, 2-$& 2-87 2-67 2-4¢ Average
Proportional Limit, 1000 psi nso| 708\ $85| yo2 46.6
Yield Strength, 1000 psi publ #9221 624 772 278 ¢
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi r16,1| 1830| tdad| 1470 139./
Shearing Strain, in/in 0.2 0.90| 095 288 083
Energy Absorbed, in-lb | 2,730 2,290| 2704 2 90 2,¢30

SECOND SPEED Specimen No. 2-28 2-4% 2-74 Average
Proportional Limit, 1000 psi 260 790 77/ 74,7
Yield Strength, 1000 psi £eE| 04| 897 2729
Yield Point (Upper), 1000 psi :

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi | 72| ,323| /28¢ /240
Shearing Strain, in/in 0.56| 08¢ 0.7¢ 2.8/
Energy Absorbed, in-lb 2480 2480 2110 2,360

THIRD SPEED Specimen No. 2-8/ 2-4¢ 2-47 Average
Proportional Limit, 1000 psi 7202 929 72./ 737
Yield Strength, 1000 psi P2 93./) pb ¥ 8.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi (783| 1262 122,/ /222
Shearing Strain, in/in 103| 0.70| 099 0,9/
Energy Absorbed, in-1b 2,840| 2000 2,720 2 $20

FOURTH SPEED Specimen No. 2-4¢ 2-78 2-/34 Average
Proportional Limit, 1000 psi 10058 r0/2) r0&/ 702.6
Yield Strength, 1000 psi 700.7)| cor 4| 106 102,9
Yield Point (Upper), 1000 psi
Yield Point (ILower), 1000 psi
Modulus of Rupture, 1000 psi 1202| (180} 12¢49] /20,7
Shearing Strain, in/in 087 037| 057 0,58
Energy Absorbed, in-1b 1830 L 4Po| /630 1,850
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Table 5. Torsien Properties of SAE 1018 Steel at TOO°F (Aged)
FIRST SPEED Specimen No. /-2§ /-89 /-/09 Average
Proportional Limit, 1000 psi 101 78%| 734 /3.3
Yield Strength, 1000 psi 768 21,0 166 /8.0

Yield Point (Upper), 1000 psi |
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 6/.8| 62,9 6/ 8 62./
Shearing Strain, in/in 3.30| 2.76| 2.6%7 2,9/
Energy Absorbed, in-lb &340 4110 3290 34/0
SECOND SPEED Specimen No. /-26 /~9/ (-7 Average
' Proportional Limit, 1000 psi | /49 '/5’,7 /78 179
Yield Strength, 1000 psi /7.7 r98| 79% /9.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 625 674| 683 66./
Shearing Strain, in/in 246| 2,85 1.9/ 23/
Energy Absorbed, in-lb 3,390 3,950 2 924 3420
THIRD SPEED Specimen No. /-27 /-$9 /-12/ Average
Proportional Limit, 1000 psi ;821 al.0| 23.0 20.7
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 20.9| 2/.0| 230 2/ 6
Yield Point (Lower), 1000 psi 719.11 190} 22.¢ 20.2
Modulus of Rupture, 1000 psi 609\ 60.6| £86 b3.
Shearing Strain, in/in 181 239 1.1 ¢ (3%
Energy Absorbed, in-1b 2,020) [ 880 1,720 L7970
FOURTH SPEED Specimen No., /-28 /-bo /-92 Average
Proportional Limit, 1000 psi | 2%6| 262| 242 24.0
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 2846 262 262 26.0
Yield Point (Lower), 1000 psi | 22.0| 206| 206 2/
Modulus of Rupture, 1000 psi 57| 655| 732 68./
Shearing Strain, in/in .S 1.8¢] 128 144
Energy Absorbed, in-lb 2,090| 2040| 1 P6 2 000
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Table 12. Torsion Properties of SAE A340 at 700°F (Aged)

FIRST SPEED Specimen No. 2-§3 2-43 2-79 Average
Proportional Limit, 1000 psi 426 72.3| 4/0 653
Yield Strength, 1000 psi 918 PEY| 690 74.3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1080 sibo| s/ /02,0
Shearing Strain, in/in L3710 13¢| /30 /3¢
Energy Absorbed, in-1b 33Yo| 3¢50 3320 3 Yoo
SECOND SPEED Specimen No. 2-32 2-S¢ 2-§0 Average
Proportional Limit, 1000 psi 64| 625| 6/3 63/
Yield Strength, 1000 psi 8| £28 ves ' 798

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1140 1176\ 2770 /762
Shearing Strain, in/in (3| 11E) 12¢ /.25
Energy Absorbed, in-1b 3680\ 3,/80) 3,460 330
THIRD SPEED Specimen No. 2-33 2-4/ 2-§3 Average
Proportional Limit, 1000 psi 2do| 49| 65/ £80
Yield Strength, 1000 psi 0| £3.6| 790 925

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 11726 1R 6] 1152 /1 7/
Shearing Strain, in/in 2.8/ 0.70| 0 pPo 2,77
Energy Absorbed, in-1b 2,140\ 1 850\ /940 /, 780
FOURTH SPEED Specimen No. 2-£2 2-42 2-§2 Average
Proportional Limit, 1000 psi 98.0| 9/.2| £5£5 g/ é
Yield Strength, 1000 psi 1000\ 9.4 £IY¢ 92.9

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1038 1779 1¥s 174y
Shearing Strain, in/in 2.7/ 04¢| 090 068
Energy Absorbed, in-lb [, 800| 1 620| 1,720 ~ 1,7/0
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Table 13. Torsion Properties of SAE 4340 Steel at 1000°F
(Not Aged)
FIRST SPEED Specimen No. 2-38 2-4¥ 2-#% 2-/05 2-/37 Average
Proportional Limit, 1000 psi 3/ 4 3Yg 38/ 37¢ Y8
Yield Strength, 1000 psi 39 46| w4y 49/ «éo

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi $4s $6./ $8E $6,
Shearing Strain, in/in 497 | 3.68| wyo 3.9¢| ¥afs
Energy Absorbed, in-lb Ynso Ydbo U170 HUbo
SECOND SPEED Specimen No. 2-3¢ 2-87 2-/04 Average
Proportional Limit, 1000 psi Ung | sob| 49/ 492
Yield Strength, 1000 psi 6.5\ 62.0| o6 £l ¢

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 703 | 728 940 92/ 6
Shearing Strain, in/in 2.69| 2.64| 2,97 2.77
Energy Absorbed, in-1b 3,920\ 3,920| 4/90 3 9¢0
THIRD SPEED Specimen No. 2-37 2-/67 2-/38 Average
Proportional Limit, 1000 psi $6.9) $66| $2¢6 570
Yield Strength, 1000 psi 695\ 7.4 625 742

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi s/ £8.9| 266 P69
Shearing Strain, in/in 130 ro04| 179 /[ /8
Energy Absorbed, in-1b 1990, 600| 1, 680 /, 690
FOURTH SPEED Specimen No., 2-/0§ 2-/20 2-13¢ Average
Proportional Limit, 1000 psi 22| 788| 7178 748
Yield Strength, 1000 psi 2/9| £35| 944 , 799

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 935 995| r02¥ 985
Shearing Strain, in/in ,, /10 129| 119 /17
Energy Absorbed, in-1b /680 1,970) ( 8/0 /, 820
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Table 14. Torsion Properties of SAE 4340 Steel at 1000°F (Aged)

FIRST SPEED Specimen No. 2-f 2-9 2-/9 Average
Proportional Limit, 1000 psi 37.0| 300| 385 382
Yield Strength, 1000 psi Yro| wz sl 42¢ Ys.%
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $78| 83.2) $75 $6./
Shearing Strain, in/in $./8| S$.00| 498 #99
Energy Absorbed, in-lb $280| 4750 440 $4g/0

SECOND SPEED Specimen No. 2-2 2-/0 2-20 Average
Proportional Limit, 1000 psi | #4.6| $po| 44/ Y69
Yield Strength, 1000 psi 61| ¢9/| $€9 579.7
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 690| 6937 67¢4 687
Shearing Strain, in/in 3.27| 3.3/| 30¥% 3.2/
Energy Absorbed, in-l1b Us/o| ¥850| Y190 YUy20

THIRD SPEED Specimen No. 2-3 2-// 2-2/ Average
Proportional Limit, 1000 psi 60.8| $£92| £9/ 597
Yield Strength, 1000 psi 6901 £27/] 662| 474
Yield Point (Upper), 1000 psi ‘
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi PUs| 798| 796 £/2
Shearing Strain, in/in (18 126] s1¥ (/8
Energy Absorbed, in-1b L690) 1,740} 1.5 /, 670

FOURTH SPEED Specimen No. 2-& 21-/2 3-22 Average
Proportional Limit, 1000 psi £0.5| 79¢9| 92.¢ Fo.2
Yield Strength, 1000 psi £l.2| 808| £/./ /0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 9265 98.0) 9729 297§
Shearing Strain, in/in [$9| r28) 12¢ /.36
Energy Absorbed, in-lb 2,/70} £,950] 1, 800 1,970
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Table 15. Torsien Preperties of SAE A3%0 Steel at 1200°F (Mot Aged)

FIRST SPEED Specimen No. 2-45 2-6% 2-/9) Average
Proportional Limit, 1000 psi 2.6 3.5 | 3.% 3.3
Yield Strength, 1000 psi 47 |1 6.7 | 7.7 6.3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 12.1 1 12.4 | 13.0 Iz,;
Shearing Strain, in/in 568 | 7.80| Bas 7.3
Energy Absorbed, 1in-1b 12%0]| 2020 2130 |g10
SECOND SPEED Specimen No. 2-4 2-72 ,>.y/9 Average
Proportional Limit, 1000 psi 28| 2/.8) 20.7 22.4
' Yield Strength, 1000 psi Q76| 207 23.0 24/

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 23.7| 300] 292 30
Shearing Strain, in/in 2/0| 7287 6/5 £.03
Energy Absorbed, in-1b 974 2801 2920 Y390
THIRD SPEED Specimen No. 2-47 2-77 2-/128 Average
Proportional Limit, 1000 psi YY) 368 3/3 3¢.3
Yield Strength, 1000 psi Y29 2/ o %/ 8

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi H9.3| 473 477 Y58
Shearing Strain, in/in 3.97| 3.37| 345 246
Energy Absorbed, in-1b 3,030| 2,6¢0) 2689 2,7/0
FOURTH SPEED Specimen No. 2-¢6 2-9¢ 2-94 Average
Proportional Limit, 1000 psi 63| se6| 28s5| 46.%
Yield Strength, 1000 psi 673 40| 7586 79,0

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 7/ 0| 720| P7¢ 248
Shearing Strain, in/in 4330 28/| 2./0 2.9¢
Energy Absorbed, in-1b Y200 2,640 2,920 3230
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Table 16. Torsion Properties of SAE 4340

Steel at 1200°F (Aged)

FIRST SPEED Specimen No.  2-ibP 2-143 2-147 Average
Proportional Limit, 1000 psi 6 | 1.3 109 /.3
Yield Strength, 1000 psi 37 | 4.3 | 6.2 ¢7
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi | .

Modulus of Rupture, 1000 psi /.81 128 | 94 .2
Shearing Strain, in/in £7/1 799 | 9.45 g.72
Energy Absorbed, in-lb 2,200 12%0 | 1,900 730

SECOND SPEED Specimen No. 2-/3% 2-#¢ 2-1Y§ Average
Proportional Limit, 1000 psi 2361 206&( 22,0 22./
Yield Strength, 1000 psi 258 | 22| 263 Yy
Yield Point (Upper), 1000 psi ’

Yield Point (Lower), 1000 psi _
Modulus of Rupture, 1000 psi 2891 267 289 28.2
Shearing Strain, in/in 10,80 928 /187 70,88 |
Energy Absorbed, in-1b S.Yso| 4400 $.720 $/790

THIRD SPEED Specimen No. 2-/37 2./ 2:78/ Average
Proportional Limit, 1000 psi 2y 2y 197 24¢ . 23.3
Yield Strength, 1000 psi 29¢| 266| 300 283
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 350 300| 277 342
Shearing Strain, in/in dygl soz| 48U U778
Energy Absorbed, in-1b 2,950| 2,7/0f 3,20 2950

FOURTH SPEED Specimen No. 3-1§0 2-144 2-/£2 Average
Proportional Limit, 1000 psi Y25 &7 382 Y2/
Yield Strength, 1000 psi Y3]| 45| 400 §3.2
Yield Point (Upper), 1000 psi ’ '
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi ug. bl 32| ygs $o.¢
Shearing Strain, in/in 3.92| 26| doo| Yoé
Energy Absorbed, in-1b 3,350 %o030| 34sp 34/0
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Table 17. Torsion Properties of 24S-T Aluminum Alloy at Room

Temperature
FIRST SPEED Specimen No. 3-2 3-3¢ 3-44 Average
Proportional Limit, 1000 psi QU7 240 226 23 %
Yield Strength, 1000 psi 278 302| 29% 27.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $971 §78| 92 $98
Shearing Strain, in/in 0.5/ os2| 0387 253
Energy Absorbed, in-lb 66o| bho| 730 8§80
SECOND SPEED Specimen No. 3-/ 37-3/ 3-65 Average
Proportional Limit, 1000 psi 194 23%5] 183 20/
Yield Strength, 1000 psi 297 260 29.5] 284
Yield Point (Upper), 1000 psi
Yleld Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi sRY £7¢4| £59 $72
Shearing Strain, in/in as5s| ose| o5/ 955
Energy Absorbed, in-1b 690\ 7/0{ $20 40
THIRD SPEED Specimen No. 3-3 3-2& 3-67 Average
Proportional Limit, 1000 psi 2/.9| r9.0| 239 2/.6
Yield Strength, 1000 psi 30,6 2990 307 204
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $4.5| 8§72 ¢62 $46
Shearing Strain, in/in 0.82] 08¢ 4gs2 283
Energy Absorbed, in-1b 650 bbo| 620 40
FOURTH SPEED Specimen No, 3-52 3-$T 3-78 Average
Proportional Limit, 1000 psi 385 37/ 33./ 36.2
Yield Strength, 1000 psi 388 38Y| 384 374
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 751 $67 $6Y¥ 569
Shearing Strain, in/in 082 08521 050 05/
Energy Absorbed, in-lb /0l 430 boo 6/0
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Table 18. Torsion Properties of 24S-T Aluminum Alloy at 200°F

(Not Aged)

FIRST SPEED Speeimen No. 3-/3 3-//9 3-/¢8 Average
Proportional Limit, 1000 psi 266| 260 2%.8| 270
Yield Strength, 1000 psi 3¢8| 328| 347 40
Yield Point (Upper), 1000 psi '

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6./ £27| 6¥2 6179
Shearing Strain, in/in 0591 093] oF2 0,98
Energy Absorbed, in-lb L240| 1240 / 080 1190

SECOND SPEED Specimen No. 3-73. 2-/20 2-1¢4% Average
Proportional Limit, 1000 psi 240| 268 270 AS 9
Yield Strength, 1000 psi 33.6| 322| 328 A 227
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $7.81 $77| 589 58/
Shearing Strain, in/in 0.7 0.8¢| 0.5/ a5¢
Energy Absorbed, in-1b 7/0| 66o| 630 670

THIRD SPEED Specimen No. 3-37 3-67 3-/2/ Average
Proportional Limit, 1000 psi 2724\ 280) 22,/ 258
Yield Strength, 1000 psi 32.7| 332| 3/6 325
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi §38| $852| s¢ ¢ $¢s
Shearing Strain, in/in 0.5/ 08/ 049 450

" Energy Absorbed, in-1b foo| boo| 50 s90

FOURTH SPEED Specimen No. 3-//2 3-/q/¢ 3-(22 Average
Proportional Limit, 1000 psi 36.3| 26, ¢| 32.2 3/.3
Yield Strength, 1000 psi 323] 29.7] 375 3854
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 6.2 s2| 4oo ' 6/.8
Shearing Strain, in/in 0.4 o US| o047 046
Energy Absorbed, in-1b boo| 630| 6oo 6/0
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Table 19. Torsion Properties of 243S-T

Alwminum Alloy at 200°P (Aged)

FIRST SPEED Specimen No. 3-/9 23-2/ 3-/32 Average
Proportional Limit, 1000 psi | 29| 2.7| 23.6 237
Yield Strength, 1000 psi 3877 292 283 371/
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 63.8| $9.8| £2% 61 8
Shearing Strain, in/in 117 foo| %4 /.00
Energy Absorbed, in-lb 4730] 1320 1030 /, 360

SECOND SPEED Specimen No. -s¢ 3-9¢ 3-86 Average
Proportional Limit, 1000 psi 242) 232| 263 246
Yield Strength, 1000 psi Y| 326 32,9 323
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $6Y| s5€| $95 £82
Shearing Strain, in/in 262 062 063 062
Energy Absorbed, in-1b g80| 7801 820 930

THIRD SPEED Specimen No. 32-¢$3 -p¢ 3-/33 Average
Proportional Limit, 1000 psi 00| 288| 220 26.9
Yield Strength, 1000 psi 22| 7¢2| 302 325
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $6.9| $6¢¥| s$56 $63
Shearing Strain, in/in 049 o¢/| o050 250
Energy Absorbed, in-1b 5900 4/0] $90 boo

FOURTH SPEED Specimen No. 3-2¢ 3-¢6 3-94 Average
Proportional Limit, 1000 psi 270 278| 3¢9 3/.6
Yield Strength, 1000 psi | 363 wo9| ws 3.4
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 6/. 8| 62.3] 2% 623
Shearing Strain, in/in 050 o2 049 ¥
Energy Absorbed, in-1b 630| 6ol syo 4/ 0
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Table 20. Tersiem Preperties ef 215-T Alumimwm Alley at ¥00°F

(Mot Aged) -

FIRST SPEED Specimen No. 3-/o§ 3-/23 3-1¢43 Average
Proportional Limit, 1000 psi | 24 9| 20 4| 29¢ 269
Yield Strength, 1000 psi 368 308 347 33.4
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi :

Modulus of Rupture, 1000 psi Yys| 372 ¥z Ul 6
Shearing Strain, in/in o448 o047 0¥ 247
Energy Absorbed, in-lb $20| 380| 4bo §20

SECOND SPEED Specimen No. 3-//& 3-2¢ 3-/¢p Average
Proportional Limit, 1000 psi 2/.0| 2/.8| 28/ 234
Yield Strength, 1000 psi 300| 292| 3¢9 3.4
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 83| sao| vé9 7344
Shearing Strain, in/in 2.76| 0.76] 0.62 2.7/
Energy Absorbed, in-1b £20| &80 670 9750

THIRD SPEED Specimen No. 3-4f& 3-/09 3-13f Average
Proportional Limit, 1000 psi 309 330 292 310
Yield Strength, 1000 psi 368 | 32¢)| 707 284
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi §b2| uez2| ¥£§ Y3

' Shearing Strain, in/in 0.62) 0.50| 060| 2.57
Energy Absorbed, in-1b $so0| 90| 620 $s0

FOURTH SPEED Specimen No. 3-72 3-/o6 3-/10 Average
Proportional Limit, 1000 psi 2¢4./| 299 299 2729
Yield Strength, 1000 psi 32./| /2| 32.7 353
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 49.F| 498 yf.2 uq3
Shearing Strain, in/in 03%| 022 pto 033
Energy Absorbed, in-1b ¥30| 2¢0| %70 3580
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Table 21. Torsion Properties of 24S-T Aluminum Alloy at %00°F (Aged)

FIRST SPEED Specimen No. 3-2§ 3-§3 3-/3¢ Average
Proportional Limit, 1000 psi 2/.0| 240 199 2/ 6
Yield Strength, 1000 psi 286 282 22,6 285

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 29.4] 289 260 27.8
Shearing Strain, in/in 08¢l 0§21 077 06/
Energy Absorbed, in-1b 3/0| 3/0| 390 e/ 2/
SECOND SPEED Specimen No. 3-90 3-/36 314 Average
Proportional Limit, 1000 psi 260 22.8| 144 2/.0
Yield Strength, 1000 psi 322 2¥¢| 248 270

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 383| 33¢| 287 335
Shearing Strain, in/in 083 04| 1.3% 108
Energy Absorbed, in-1b 700| 9¢0| &80 770
THIRD SPEED Specimen No. 3-§7 3-§9 3-/27 Average
Proportional Limit, 1000 psi 298| 292| 167 247
Yield Strength, 1000 psi 328 36%| 239 30.9

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 389 43.7] 340 399
Shearing Strain, in/in 0.97| 0.2/ 104 08¢
Energy Absorbed, in-1lb L¥O0) 60 780 L850
FOURTH SPEED Specimen No. 3-28§ 3-60 3-92 Average
Proportional Limit, 1000 psi 34./) 292 32/ 3/.1
Yield Strength, 1000 psi 323 | 32./| 366 387

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 48/ 7.7 €S yp4f
Shearing Strain, in/in 0.29| 032 227 0.2%
Energy Absorbed, in-1b 00| 3¢Yo| 27 300
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Table 22. Tersion Properties of 24S-T Aluminum All

oy at 600°F

(Not Aged)

FIRST SPEED Specimen No, 3-16 3-727 3¢/ Average
Proportional Limit, 1000 psi $91 63| 73 65
Yield Strength, 1000 psi 271 29| 108 £
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi £3| &% /23 YA
Shearing Strain, in/in 42| 183 169 /64
Energy Absorbed, in-lb /80 v270 290 280

SECOND SPEED Specimen No. 2-4/ Q-y1 3-128 Average
Proportional Limit, 1000 psi 122 (2(] roé /7.0
Yield Strength, 1000 psi 29| 13.1| ¢/ /33
Yield Point (Upper), 1000 psi
Yield Point (Lowen), 1000 psi
Modulus of Rupture, 1000 psi Y49 r4S| 162 /5.2
Shearing Strain, in/in 42| 188 147 211
Energy Absorbed, in-1b 420 4Lro| 460 Y30

THIRD SPEED Specimen No. 2-/7 2-/07 J3-129 3-/63 Average
Proportional Limit, 1000 psi 16Y¥| 77.2) r82| 162 /63
Yield Strength, 1000 psi /790 180 rs80| 170 AA
Yield Point (Upper), 1000 psi '
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 203| 22.9| 230| /97 214
Shearing Strain, in/in .67 2071 1.7€| /37 /72
Energy Absorbed, in-1b 690\ S4o| 750 $10 900

FOURTH SPEED Specimen No. 3-20 2-/36 J2-/¢Y Average
Proportional Limit, 1000 psi 2/.1 16¢| as0 296
Yield Strength, 1000 psi 204| 189 214 2061
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 2871 2R¢| 229 273
Shearing Strain, in/in 298| 14| 09¢ 0.9¢
Energy Absorbed, in-1b 3290 é%0| «go s$20
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Table 23. Torsion Properties of 24S-T

Aluminum Alloy at 600°F (Aged)

FIRST SPEED Specimen No. 3-/fo 3-142 3-/47 Average
Proportional Limit, 1000 psi 26| 33 l6 2.5
Yield Strength, 1000 psi 49| $31 29 /474
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi I3 6.2 33 50
Shearing Strain, in/in 286 2.13) 433 3//
Energy Absorbed, in-lb 330 270 290 300

SECOND SPEED Specimen No. 3-/8 2-9%4 3-/¢¥% Average
Proportional Limit, 1000 psi w1y s/ 59 $0
Yield Strength, 1000 psi 681 57| 4¢ 3
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 27 7% 7€ 79
Shearing Strain, in/in 6.8/ 6.2¢| 734 670
Energy Absorbed, in-1lb Lo30| Q90| Lor0 L0/0

THIRD SPEED Specimen No. 3-/7/7 3-/137 2-/4¢9 Average
Proportional Limit, 1000 psi 7281 29| 2¢ 2.6
Yield Strength, 1000 psi g7 90| 2.4 59
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /3.0 738| 128 (30
Shearing Strain, in/in 6973\ 720| 110 923/
Energy Absorbed, in-1b 1 620) 1,780| 2 380 /, 980

FOURTH SPEED Specimen No. 222 -6¢ 3-/o0 Average
Proportional Limit, 1000 psi 20| 108 90 £9
Yield Strength, 1000 psi 6| 7122 r07 /108
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 144l 194 r£¢ /75
Shearing Strain, in/in 230 23/| 228 230
Energy Absorbed, in-lb 72/0| Q40| 900 g0
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Table 24 . Torsliemn Preperties of 755-T Aluminum Alley at Reem

Temperature
FIRST SPEED Specimen No. 4-/ 4-3 [-7¢4 U-Po u-/p3 Average
Proportional Limit, 1000 psi 358 403|296 | 33.7| 350 349
Yield Strength, 1000 psi 46\ u29| ws.8| ¢30| ¢52 45§

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi |
Modulus of Rupture, 1000 psi 643 625 637 64S8| 743 44.3

Shearing Strain, in/in 045 0397 oué| o080l ous] 0¥S
Energy Absorbed, in-lb é70 S6o| 670f 7%o0| 730 670
SECOND SPEED Specimen No. X-/1 U-/7 4-17 Average
Proportional Limit, 1000 psi 39¢ | 3¢ 33¢ 36.7
Yield Strength, 1000 psi N usb| 92| wut 1743

Yield Point (Upper), 1000 psi -
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 635 689 633 662
Shearing Strain, in/in 0.3/ 03¢| 038 034
Energy Absorbed, in-1b hbo| $30| $4o 5/0
THIRD SPEED \ Specimen No. &«-23 -3/ (-39 Average
Proportional Limit, 1000 psi 338 | 4975 43.0 Yl ¢
Yield Strength, 1000 psi 44 S| 8§81 510 §02

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi.

Modulus of Rupture, 1000 psi 650\ 941 420 720.4
Shearing Strain, in/in 0.3/ 0.39] 030 0,27
Energy Absorbed, in-1b uso| uso| usgo Yéo
FOURTH SPEED Specimen No. #-6 4-3¢ 4-4¢6 4-60 4-9F Average
Proportional Limit, 1000 psi $0.9\ s28| ybo| 49¢| s00| 492
Yield Strength, 1000 psi $5.6| 08| sew| s¢6| 557 46

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 72.3| 7/0) 7/0)| 92¢| 206 9/5%5
Shearing Strain, in/in 030 07| 030 0.26| p.30 029
Energy Absorbed, in-lb 40| 420) 430l 430) ¢y0 Yéo
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Table 25. Torsion Propertigs of 755-T Aluminum Alloy
at 200 F (Not Aged)

FIRST SPEED Specimen No. 410 Y4-48 w-9§ Average
Proportional Limit, 1000 psi 36.7| 762 33,0 343
Yield Strength, 1000 psi ¢sbl ¢28| 379 ¢z

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 60.3| $64\ $0.7 68
Shearing Strain, in/in 267| 0468| 0.7¢ 869
Energy Absorbed, in-lb 1030 70| &S0 920
SECOND SPEED Specimen No.  4-12 43/ u4-94 Average
Proportional Limit, 1000 psi 352} w?| 32./ 3¢
Yield Strength, 1000 psi 47| 43 8\ 4.9 4855

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi bl 64.9| 65¢€ b¥.9
Shearing Strain, in/in o.80| oso0| 057 0 .82
Energy Absorbed, in-1b 720 750| gs0 770
THIRD SPEED Specimen No. 4-/6 y-b8 4-97 Average
Proportional Limit, 1000 psi | 3.3 | 4so| 7274 usr. 9
Yield Strength, 1000 psi u9o| s06| ypo 492

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 64| 64| 657 653
Shearing Strain, in/in 0.3%| 0.37| 0.3% 035
Energy Absorbed, 1n-1b So00| $£50| s$00 $20
FOURTH SPEED Specimen No. 4-26 y-66 y-7% Average
Proportional Limit, 1000 psi §2.3| #6.8) #4.9 430
Yield Strength, 1000 psi £50 44| 10 $5.9

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 705 7218 7/./ 2/
Shearing Strain, in/in 0.28| 0.26]| 0.27 0.27
Energy Absorbed, in-1b HY0| Y30f 30 $30
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Table 26, Torsion Properties of 75S-T Alumimm Alley
at 200 F (Aged)

FIRST SPEED Specimen No. y-Y¢ ¢-38 ¢-é¥% Average
Proportional Limit, 1000 psi 394 y3zz| b2 ¥26
Yield Strength, 1000 psi 491 495| $r.2 499

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /.91 60.%4| 66% 630
Shearing Strain, in/in 0.67| 0972| 0.3 0,7/
Energy Absorbed, in-lb L0080 fooo| (/00 1,080
SECOND SPEED Specimen No. #-2 ¢-22 ¢-62 Average
‘Proportional Limit, 1000 psi 37.21 372 357 37.¢
Yield Strength, 1000 psi ¥96l ¥7.8| 46.9 “g./

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi | 443 ]| 63.2| £¢9 b ¥
Shearing Strain, in/in 0.853| 045| 0.4 2. 48
Energy Absorbed, in-l1b F30| b4e| 670 7/0
THIRD SPEED Specimen No. Y-/6 4-$5 «-¢/ Average
Proportional Limit, 1000 psi 39./| «1.9| 4o0 &0.0
Yield Strength, 1000 psi g/ 48.2] 488 483

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 650| 654 660 5.5
Shearing Strain, in/in 0.3Y| 0.35| 033 0.3%
Energy Absorbed, in-1b 470 s/0| $60 $/0
FOURTH SPEED Specimen No. ¢-/8 -32 y-36 Average
Proportional Limit, 1000 psi L70| 497 40.% 5.9
Yield Strength, 1000 psi $98| $6.4| $0.2 64

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 200 | por| 662 ' 488
Shearing Strain, in/in 0.24| 0.28| 024 2.2¢
Energy Absorbed, in-1b 3701 390] 330 360
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Table, 27 . Tersion Prepertigs of. 753-T Alumimmm Alley
at %00 (Mot Aged)

FIRST SPEED Specimen No. #-35 y-69 U-79 Average
Proportional Limit, 1000 psi /0.6 22.4| /9.¢ /7.8
Yield Strength, 1000 psi 22.3] 246| 2¢4¥¢ 2%/

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 26.8| 200| 275 29.¢
Shearing Strain, in/in /(8 1r.23] 135 /.28
Energy Absorbed, in-1b s/o| séo| 690| - $90
SECOND SPEED Specimen No. «f-30 4-$2 Y-/o2 Average
~ Proportional Limit, 1000 psi /8.1 290 129.¢ 255
Yield Strength, 1000 psi 303} 32.7| 339 72.3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi :
Modulus of Rupture, 1000 psi 387 374 353 372

Shearing Strain, in/in 0.88 105 0.75 296
Energy Absorbed, in-1lb qo00| 70| 780 ' 770
THIRD SPEED Specimen No. ¢-37 4-69 u-§¢ Average
Proportional Limit, 1000 psi 30.5| 30.0| 2970 299
Yield Strength, 1000 psi 33.8| 33¢4| 32.6 333

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 3P3( 374| 36¢4 380
Shearing Strain, in/in 0.97| 0.83| 0.87 2.89
Energy Absorbed, in-1b gbo| 700| 700 7290
FOURTH SPEED Specimen No. 4-4o0 U-90 Y-8 Average
Proportional Limit, 1000 psi 304| 350| 383| 3¢.6
Yield Strength, 1000 psi Yool 465| y2.4 #3.0

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi Usnl 63| so./ £0.7
Shearing Strain, in/in 0.3%| 0.3/ 0.3/ 032
Energy Absorbed, in-1b y20| ool 350 390
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Table 28, Tersiem Preperties_ef Tss-r Alumiman Alley

at 300"F (Aged
FIRST SPEED Specimen No. Y4-7 Y49 y-94 Average
Proportional Limit, 1000 psi (3.5 U 4.4 8.2
Yield Strength, 1000 psi 16,21 40| 137 /7.8
Yield Point (Upper), 1000 psi '
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /90| 170} s%0 76.3
Shearing Strain, in/in " 2,6¢] 3.%0| 2.93 302
Energy Absorbed, in-lb g70| 770| #fFo 970
SECOND SPEED Specimen No. 4-27 U§-£9 4-43 Average
Proportional Limit, 1000 psi 146 12,0 147 /38
Yield Strength, 1000 psi 168 146] 16. % 76.3
Yield Point (Upper), 1000 psi '
Yield Point (Lower), 1000 psi
- Modulus of Rupture, 1000 psi 17.3| 190 190 /U
Shearing Strain, in/in £74) w99l 487 /7
Energy Absorbed, in-1b 2,290 2,054 2,030 2,/2°¢
THIRD SPEED Specimen No. «-9 Y-§7 Y¥-9/ Average
Proportional Limit, 1000 psi 1.9 140 929 17, 9
Yield Strength, 1000 psi (YY) 88 r4./ /58
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 2797 22.9| 22.2 22.Y¢
Shearing Strain, in/in ¢87 ¢F9 32 %69
Energy Absorbed, in-1b 2,160\ 2/00| 2,040 2,/00
FOURTH SPEED . Specimen No. u-§f Y-90 y-n¥ Average
Proportional Limit, 1000 psi 202 /90| 1p¥ /9.8
Yield Strength, 1000 psi 222 29| 2.¢ 220
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 345| 299| 326 32,3
Shearing Strain, in/in 0.581 083 0.pF 486
Energy Absorbed, in-1b $90| $so| $¢o $60
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Table 29. Torsion Properties of 75S-T Alumimm Alloy at 600°F

(Not Aged)
FIRST SPEED Specimen No. «-20 4-4Y! 4-9/ Average
Proportional Limit, 1000 psi 2,0 22 /9 2,0
w Yield Strength, 1000 psi b2| 3%| 39 23
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 781 60| $7 6/
Shearing Strain, in/in 2,6/ 263 2,97 2.67
Energy Absorbed, in-lb 370| 280| 2%0 3/0
SECOND SPEED Specimen No. {-§7 Y-95 ¥-/o/ Average
Proportional Limit, 1000 psi 4o\ 3| 6./ 46
Yield Strength, 1000 psi ss1 271 2«8 6.7
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 697 568 26 7.7
Shearing Strain, in/in sysl s£1¥) 630 $63
Energy Absorbed, in-1b 200! #bo| 940 9bo
THIRD SPEED Specimen- No. ¥-¢3 ¢-73 &-F9 Average
Proportional Limit, 1000 psi 9.4l 40| ro.0 95
Yield Strength, 1000 psi 10.2| (03| 10.7 70¥
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi re.t| 124 1.8 | | ¥
Shearing Strain, in/in 277\ 8.790| 724¥ 299
Energy Absorbed, in-1b L810| 2/90| 1 850 /, 950
FOURTH SPEED Specimen No. 4-44 Uu-72_ y-foo Average
Proportional Limit, 1000 psi 90| 100| 97 9.4
Yield Strength, 1000 psi 706 10.7] 108 //.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1685 18 ¥ 189 /59
Shearing Strain, in/in 2,63 2.3/] 242 2.¢57
Energy Absorbed, in-1b P£30| 270| §3 £/0
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Table 3Q Torsien Preperties of 75S-T Aluminum Alley at 600°F

Aged )

FIRST SPEED Specimen No.  #-/¥ y-4$ -9 Average
Proportional Limit, 1000 psi .71 271 09 /9
Yield Strength, 1000 psi 42 3.9\ 27 3,6
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi K71 Y3| 43 Us
Shearing Strain, in/in 2,66 244 | 2,69 2,60
Energy Absorbed, in-1b 290 230| 249 250

SECOND SPEED Specimen No. 4-9 y-33 U-&f Average
Proportional Limit, 1000 psi 271 £3| %9 /94
Yield Strength, 1000 psi 730 68| 49 6.9
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 73| 6% &9 7.0
Shearing Strain, in/in 6.56| 578 616 /7
Energy Absorbed, in-1b PPol §30| §b0 6o

THIRD SPEED Specimen No. 4-/$ UY-57 y-§3 Average
Proportional Limit, 1000 psi 741 84| 7272 7.8
Yield Strength, 1000 psi 25l 90| 2§ 9.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi r24 124 .0 7.9
Shearing Strain, in/in 7204| s.94 8.8¢
Energy Absorbed, in-1lb 7,900y 1, §00 /, 700

FOURTH SPEED Specimen No. u-28 4-$¢ y-p¢ Average
Proportional Limit, 1000 psi g3l 2¢| 1.8 9./
Yield Strength, 1000 psi 2/l 971 123 /0.4
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 160 158 187 /8.8
Shearing Strain, in/in 2,87 238| 3.22 27/
Energy Absorbed, in-1b g0\ 7270 1,120 900
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Table 31. Tersion Preperties of FS-1 lhmsiu at Reem

Temperature
FIRST SPEED Specimen No. &35 §49 §&x Average
Proportional Limit, 1000 psi 581 ¢2| 3§ yg |
Yield Strength, 1000 psi q9¢ g/ &£ g/
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 36.0| 30| 3£¢€ 752
Shearing Strain, in/in 0.8/ osl| 08¢ 0.52
Energy Absorbed, in-1b 320| 3/0| 330 320
SECOND SPEED Specimen No. $-2 $-3Y $-66 $-74 Average
Proportional Limit, 1000 psi £31 6l 49| 47 $49
Yield Strength, 1000 psi 2o 79| 40| g¢ Fé
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 29 28| 29.€ 3/0
Shearing Strain, in/in 0.471 087 047 0.50
Energy Absorbed, in-lb 2701 290 270 280
THIRD SPEED Specimen No. /9 4§23 §£-27 Average
Proportional Limit, 1000 psi s/V 60| 78 6.3
Yield Strength, 1000 psi 2/l 04 1.8 /2.3
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 72.8| 306| 330 32/
Shearing Strain, in/in 0&2| 03/ 0137 0.37
Energy Absorbed, in-1b 2600 (90l 230 220
'FOURTH SPEED  Specimen No. §-28 -89 &4 $-54 Average
Proportional Limit, 1000 psi 139 /KT I+ | 185¢ 4.0
Yield Strength, 1000 psi 163 159|400 168 -7
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi Yol 396| 368 347 39 4
Shearing Strain, in/in 0.3¢5| 236] o4/ 03% 038
Energy Absorbed, in-l1b 260 2¥0| zs0| 280 2¢9]
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Table 32. Tersion Preperties of P3-1 Magnesium at 200°F

(Mot Aged)

FIRST SPEED Specimen No. 72/ $-/00 f=/02 Average
Proportional Limit, 1000 psi 42| 49| 36 §2
Yield Strength, 1000 psi 691 72/ %3 6.Y¥
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 384 329| 32.6 33.7
Shearing Strain, in/in L8| 117y 109 117
Energy Absorbed, 1n-1b boo| 700| 410 640

SECOND SPEED Specimen No. $-/ {0/ 429 Average
Proportional Limit, 1000 psi ¥3| 29| s4¢ V74
Yield Strength, 1000 psi 21 72| 25 7.6
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 20| 346 282 Y
Shearing Strain, in/in 294\ 299 o297 287
Energy Absorbed, in-1b Ygo| soo| $po §20

THIRD SPEED Specimen No. §-7¢ $99. 17 Average
Proportional Limit, 1000 psi Ugl «st s/ §y
Yield Strength, 1000 psi 291 73| 729 7.7
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 2930 297| 30.9 29.9
Shearing Strain, in/in 053| 053 064 054
Energy Absorbed, in-1b 290 280 3/0 290

FOURTH SPEED Specimen No. $40  ¢462 &M Average
Proportional Limit, 1000 psi £3| 66| 69 7.3
Yield Strength, 1000 psi 261 g7 g3 29
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 2471 23%| 232 239
Shearing Strain, in/in 0.UY| o ¥y| 042 oYs
Energy Absorbed, in-1b 200 2¢o| 170 200
WADC TR 53-10 119



Table 33. Torsion Properties of FS-1 Magnesium at 200°F (Aged)

FIRST SPEED Specimen No. 4-3 4§49 $F% Average
Proportional Limit, 1000 psi 24l #4é&| 26 33
Yield Strength, 1000 psi 59 791 74 7./
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 2281 /8| 326 322
Shearing Strain, in/in LY LU0 134 /.39
Energy Absorbed, in-lb 2201 fg$of %30 70

SECOND SPEED Specimen No. 448 8 9o Average

. Proportional Limit, 1000 psi do| s7| 24 3.9
Yield Strength, 1000 psi 24| 71| 4é Y
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 0.l 334 | 330 323
Shearing Strain, in/in 2.72| 0.9¢) 08¢ 283
Energy Absorbed, in-1b Y20| $9o0| s¥o $20

THIRD SPEED Specimen No. $-49 S$¢3 495 Average
Proportional Limit, 1000 psi 4ol 6Y¥| 49 58
Yield Strength, 1000 psi SYl g6l 2¢ 8./
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 73 8| 34¢| 334 33.9
Shearing Strain, in/in 063 060| 056 2,60
Energy Absorbed, in-1b 390 380 350 290

FOURTH SPEED Specimen No. J$-/2 $-26 $-7§ Average
Proportional Limit, 1000 psi 0,/ 9¥| &0 9.2
Yield Strength, 1000 psi Y| r22) 7/.3 1/ 6
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 25/ 2728| 23.7 256
Shearing Strain, in/in o.4$| 0¥S| 0.4 445
Energy Absorbed, in-1b 2201 230| 200 220
WADC TR 53-10 12



Table 34. Torsion Properties of FS-1 Magnesium at 400°F

(Not Aged)

FIRST SPEED Specimen No. £~8/ S$-00 $=S Average
Proportional Limit, 1000 psi 1.7 2.3 A3
Yield Strength, 1000 psi 37 3.9 39
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi £3 25 (12 97
Shearing Strain, in/in 3280 3./6| 2.5/ 2.97
Energy Absorbed, in-1b $/01 %60l 40 5/0

SECOND SPEED Specimen No. . $-§2 {708 §-¥7 Average
Proportional Limit, 1000 psi 2.9 30| 3¢ 3./
Yield Strength, 1000 psi gyl ¥ 5| 49
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /66| 6.9 148 76,/
Shearing Strain, in/in 16| 16%| 2./2 /.82
Energy Absorbed, in-1b $S0| SS90 440 boo

THIRD SPEED Specimen No. J$~¢ f/of §-u! Average
Proportional Limit, 1000 psi (9| 431 3.9 3y
Yield Strength, 1000 psi £2| %59 8§ 59
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 226| 2¢42| 22,2 230
Shearing Strain, in/in /881 13/ 127 , /3%
Energy Absorbed, in-1b 680 630 S0 620

FOURTH SPEED Specimen No., $-/é §-3( §-¥0 Average
Proportional Limit, 1000 psi 661 $&8| 446 6.3
Yield Strength, 1000 psi gol 24| 72 7.6
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 223 | 2/8| 214 ' 2.8
Shearing Strain, in/in lLo00| 095 0.9% 2.98
Energy Absorbed, in-1b S0 Y20| 4«20 430

WADC TR 53-10 12




Table 35. Torsion Properties of RS-1 Magnesium at 400°F (Aged)

FIRST SPEED Specimen No. $-¥ 47 483 Average
Proportional Limit, 1000 psi 47 /.3 ‘ /5
Yield Strength, 1000 psi 360 28 3.4

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi £2{ 9¢| 5% £.8
Shearing Strain, in/in 340 265 269| 2.9/
Energy Absorbed, in-1b Ygo| ¥70| &¥o Yéo
SECOND SPEED Specimen No. §.22 &4z 4/ Average
Proportional Limit, 1000 psi 37 28| 32 32
Yield Strength, 1000 psi s¢| 0| 53 56

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi (Yl 164 17/ 1760
Shearing Strain, in/in 203 169 162 /178
Energy Absorbed, in-1lb 670\ $§Y01 670 870
THIRD SPEED Specimen No. $=/4 7 S$-(07 Average
Proportional Limit, 1000 psi $£01 30 3.2 3.7
Yield Strength, 1000 psi 64| 55| s2 5.8

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 24 0| 280 22,6 23.9
Shearing Strain, in/in L3 s yo) 1.37 LYo
Energy Absorbed, in-1b 66| 630 &/0 630
FOURTH SPEED Specimen No. $-32 $4¢¢ 4-§2 Average
Proportional Limit, 1000 psi s¢| s3] 43 £7
Yield Strength, 1000 psi ' 23| 68| 727 7.9

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 22.%| 222| 22¢ 22.%
Shearing Strain, in/in r08| 099 099 Lol
Energy Absorbed, in-1b déo| u¥d Uz20 4o

WADC TR 53-10 : 122




Table 36. Torsiem Preperties of F3-1 Magnesium at 600°F

(Net Aged)

FIRST SPEED Specimen No.  §=/3 &0/ ¢ /9 Average
Proportional Limit, 1000 psi 24| 0é| o7 06
Yield Strength, 1000 psi i sl ru /3
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 26| 34| 24 2.9
Shearing Strain, in/in 20| $ 8¢ &89 6,62
Energy Absorbed, in-1b 34p| 320 240 3/0]

SECOND SPEED Specimen No. §28 4§45 4§87 Average
Proportional Limit, 1000 psi 241 291 29 2.7
Yield Strength, 1000 psi 3,/ 34l 3./ 32
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $3 6.0l s¥¢ 54
Shearing Strain, in/in 380F 3./8| 27 378
Energy Absorbed, in-1b 4£30| 390 430 Y20

THIRD SPEED Specimen No. §=87 /03 12 Average
Proportional Limit, 1000 psi 3| 37| 4/ 3.7
Yield Strength, 1000 psi | 4| 49 &7
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 170 12¥4| /S 7/.3
Shearing Strain, in/in /. 92\ 199| /.79 /920
Energy Absorbed, in-1b Y30 4SOl /o0 Y30

FOURTH SPEED Specimen No. §20 42 £5€ Average
Proportional Limit, 1000 psi $2) ¢8| s« 55
Yield Strength, 1000 psi $Y| &38| $£7 6.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi /3
Modulus of Rupture, 1000 psi (36| 160) r4¢ /4.7
Shearing Strain, in/in AW AKINA Y, /.77
Energy Absorbed, in-l1b 90| 30| yso #90

WADC TR 53-10

123



Table 37. Torsion Properties of FS-1 Magnesium at 600°F (Aged)

FIRST SPEED Specimen No. 5-2/ $£3/ $-¢2 Avera)gg
Proportional Limit, 1000 psi 0851 06| 0¥ 2.5

Yield Strength, 1000 psi 2.9 12| 1o /0
Yield Point (Upper), 1000 psi :
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 191 271 22 23
Shearing Strain, in/in L8/} B4/ 7.1/ 7.38
‘Energy Absorbed, in-1b 220 /0| 3/0 3/0
SECOND SPEED Specimen No. §/0 $-36 ¢+.9¢ Average
Proportional Limit, 1000 psi 24| 20| 24 23
Yield Strength, 1000 psi 3./ 29| 322 3/

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi | #¥| & 5y 5.2
Shearing Strain, in/in Yol 3.49| 393 379
Energy Absorbed, in-1b 3¢o| 380} U/0 380
THIRD SPEED Specimen No. 4%/ §-97 Average
Proportional Limit, 1000 psi 241 2.3 2.5
Yield Strength, 1000 psi Y3 44 4.3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /1.8y 117 n.s
Shearing Strain, in/in /92| 206 .29
Energy Absorbed, in-1b /oy 450 430
FOURTH SPEED Specimen No. $-/§ $4¢ 5-9% | Average
Proportional Limit, 1000 psi 38| do| 4% i/
Yield Strength, 1000 psi 561 42| 40 5.5

Yield Point (Upper), 1000 psi
Ylield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi (ys| 148l 142 /45
Shearing Strain, in/in L6631 1§/ [5¢ 156
Energy Absorbed, in-1b Ubol 10| #3 U30

WADC TR 53-10 134



Table. 38. Torsien Properties of RC-70 Titanium at Room

Temperature
FIRST SPEED Specimen No. 4-/ 4£-33 6-65 Average
Proportional Limit, 1000 psi yr4|l 360 s¥.o 43.8
Yield Strength, 1000 psi $8.7| 6/.5| 62.5 40.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 110 /8| 1077 //0. 9
Shearing Strain, in/in 13851 73¢| .28 /32
Energy Absorbed, in-1b 3./00] 3,2/0| 2, 769 3090
SECOND SPEED Specimen No. 4-2 -3¢ b-66 4-/00 Average
Proportional Limit, 1000 psi 8.7 32.7| 65.2| $%.6 $6.3
Yield Strength, 1000 psi £3.5 653 72.0| 68¢ 723
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 17,0 12l 1é0| 1097 /13.0
Shearing Strain, in/in .27 127| 1./&| r20 /23
Energy Absorbed, in-1b 3,940| 3,180\ 2 984 2,9/4 29%0
THIRD SPEED Specimen No. 4-35 6-67 4-99 Average
Proportional Limit, 1000 psi 63.0| 635 572¢ 4/1.3
Yield Strength, 1000 psi £061 769 ro80 7.8
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1040\ r00.2\ 1377 1720
Shearing Strain, in/in ro0U| 098y 106 /.03
Energy Absorbed, in-1b 2,450) 22¢o| 33/9| 2480
FOURTH SPEED Specimen No. 4-/3 4-/4 4-36 6-68 Average
Proportional Limit, 1000 psi 9y sy poS| 9271 945 [ L X
Yield Strength, 1000 psi 988 920 94/| s0/.0 945
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 108.6] 1700\ r090| 1147 //o,é
Shearing Strain, in/in 0.97| 0,84 0¥ o0.9¢ 2.9
Energy Absorbed, in-1b 2,5/0| 2,189| 2,750 2,¢do 2,470

WADC TR 53-10 15



Tadle. 39, Toersien Properties af RC-

'go *itanimm at 400°F

(Mot Aged
FIRST SPEED Specimen No.  4-%5 4-37 6-49 Average
Proportional Limit, 1000 psi 242 234 225 280
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 304 27¢| 293 29./
Yield Point (Lower), 1000 psi | 292f 267| 287 2%.2
Modulus of Rupture, 1000 psi 26| 651l 735 72./
Shearing Strain, in/in /281 1.33] 136 /32
Energy Absorbed, in-lb 1, 9/0) 1,8/0 1979 /, 900
SECOND SPEED Specimen No. 4-6 5-3§8 4-90 Average
' Proportional Limit, 1000 psi 3¢2| 30.4| 30.¢ 3.7
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 3728| 34¢4| 377 34,6
Yield Point (Lower), 1000 psi | 372| 333]| 340 388
Modulus of Rupture, 1000 psi 7252| n3z| 24 7¢.6
Shearing Strain, in/in 134 738 722 /30
Energy Absorbed, in-1b 2,/170| 2,0/9] (3¢9 2,0/0
THIRD SPEED Specimen No. 4-7 6-29 4-9/ Average
Proportional Limit, 1000 psi Y3.71 ¢4s.8| 487 #6./
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 49./| 4#4%| ¢4§% 7.6
Yield Point (Lower), 1000 psi Ys¥| y32| yé s 447
Modulus of Rupture, 1000 psi 76.2| 94§\ psé 759
Shearing Strain, in/in .22 122 /7% [,20
Energy Absorbed, in-1b 1,970 1.9/0| 1,759 / g¥0
FOURTH SPEED Specimen No. 4-%¥ 6-¢o §£-72 Average
Proportional Limit, 1000 psi 6.2 $%5| 649 4.5
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 68¢| 62¢| 687 46.5
Yield Point (Lower), 1000 psi 6/.2| $78| 637 6/.0
Modulus of Rupture, 1000 psi 30| 925 £9/ £4 9
Shearing Strain, in/in 7.1t 176l 210 /72
Energy Absorbed, in-lb 2,/50| 2,004 2,720 2,/20
WADC TR 53-10 126



mable 4O- Tersiem Preperties °f nc-fso ritaniwe at ¥00°F

FIRST SPEED Specimen No. 6-17 6-49 6¥/ﬂ7 ‘Average
Proportional Limit, 1000 psi 2/.81 26| 30./ 245
Yield Strength, 1000 psi 24.6] 26,2 320 278
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi bY¥. 31 bUY| 645 6861
Shearing Strain, in/in .27 133 126 7.29
Energy Absorbed, in-lb L630) 17900 1750 L 720

SECOND SPEED Specimen No. 4-/§ 6-§4 é-110 Average
Proportional Limit, 1000 psi 32,7 3¢/ 247 33.8
Yield Strength, 1000 psi _
Yield Point (Upper), 1000 psi | 342| 392 36.9 37/
Yield Point (Lower), 1000 psi | 350| 37/| 3¢6¢ 359
Modulus of Rupture, 1000 psi wbo| 775 6% 267,
Shearing Strain, in/in 1.30| 7.27| 127 /.28
Energy Absorbed, in-1b 1990\ 2,000 1,940 - 1980

THIRD SPEED Specimen No. 4-/7 &-§/ -1/ Average
Proportional Limit, 1000 psi 429 4Y| 462 488
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 4é.0| u74| w62 Y89
Yield Point (Lower), 1000 psi 44.8) ¢b.4| 4y 2 Ys.0
Modulus of Rupture, 1000 psi 73.6] 769 744 9250
Shearing Strain, in/in (18 179 r/2 /16
Energy Absorbed, in-1b /,820{ 1,890 1,7/0 7, 8/0

FOURTH SPEED Specimen No. 4-2¢0 4-52 4-§2 Average
Proportional Limit, 1000 psi 6791 758 723 209
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 67.9| 985851 72.3 927.9
Yield Point (Lower), 1000 psi 6.4 660 448 V1744
Modulus of Rupture, 1000 psi £6.3| 99.3| £29 908
Shearing Strain, in/in 1780 73| 123 /78
Energy Absorbed, in-1b 2,230\ 2,5¢%0| 2,44 2Yoo
WADG TR 53-10 127




Table 41. Torsion Properties of RC-

—go Titanium at 700°F

(Not Aged
FIRST SPEED Specimen No. 4-9 6w/ 6-9¢ Average
Proportional Limit, 1000 psi 26| 776 r9.0 47
Yield Strength, 1000 psi /97| 202| 196 /98
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $YU21 §/.6| s/ 6 §2.87
Shearing Strain, in/in (24| 106) 173 71¢
Energy Absorbed, in-lb 1350 fr00| 1174 L 210
SECOND SPEED Specimen No. 4-/0 4-42 4-74 Average
Proportional Limit, 1000 psi /46 sR6) 17/ <t/
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 202| 220 277 2/.3
Yield Point (Lower), 1000 psi 202 220| 217 2.3
Modulus of Rupture, 1000 psi 491 5471 $2¢¥ 52./
Shearing Strain, in/in 7. 420 72/ 736 /33
Energy Absorbed, in-1b L4850\ 1 3/0| £ 4o l Yoo
THIRD SPEED Specimen No. 4-// b-43 6-7§ ~ Average
Proportional Limit, 1000 psi 204 285 27% 26.9
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 27 9| 285 27¢ 2%/
Yield Point (Lower), 1000 psi 283| 238 2¢49 2¢.7
Modulus of Rupture, 1000 psi $1.8| #97| So./ $0.5
Shearing Strain, in/in 1.32) 727 736 /.32
Energy Absorbed, in-1b 7,370} 12¢0| 1370 /, 330
FOURTH SPEED Specimen No. 6-/2 4-44 6-94 Average
Proportional Limit, 1000 psi so0| 467 492 ¢86
Yield Strength, 1000 psi [
Yield Point (Upper), 1000 psi $0.0) 467 492 £5.6
Yield Point (Lower), 1000 psi 37./1 38.0| 372/ 3%./
Modulus of Rupture, 1000 psi L83 666 68/ 6.7
Shearing Strain, in/in r3/7| r2r) 7.3/ 128
Energy Absorbed, in-1b /, §50| 1,9¢0] 1,839 1,8/0
WADC TR 53-10 128




Table. 42. Tersion Properties(of m;-'ro Pitanium at TOO°F
Aged )

6-8%

Average

FIRST SPEED Specimen No. 4-2/ 6-53
Proportional Limit, 1000 psi /6¥) 162 (189 /772
Yield Strength, 1000 psi /90| 193] a/0 /98]
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1Q00 psi
Modulus of Rupture, 1000 psi $65) 425 $7¢ s$$.
Shearing Strain, in/in 130\ /(6] ro04 L1717
Energy Absorbed, in-lb L490| 1,280 /22 4330
SECOND SPEED Specimen No. 4-22 6-SY 6-86 6-/07 Average
Proportional Limit, 1000 psi 2090 181 186 /6.6 /8%
Yield Strength, 1000 psi | 2r0 2/0
Yield Point (Upper), 1000 psi | 2/¢ 233| 22,7 22,6
Yield Point (Lower), 1000 psi | '3/.9 | 23.0| 224 22,4
Modulus of Rupture, 1000 psi | $42| s¢o| £3¢] $33 843
Shearing Strain, in/in LYo rusl 138 1.38 140
Energy Absorbed, in-1b Lb4o| 1660| 1,684 1,520 /, 600
THIRD SPEED Specimen No. b-23 (-$% 4-87 Average
Proportional Limit, 1000 psi 20.9| 235) 228 224
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 26.32| 279| 247¢ a73
Yield Point (Lower), 1000 psi | 2¢§| 26 4| 2¢2 28
Modulus of Rupture, 1000 psi $/4| suul $26 529
Shearing Strain, in/in 371 13Ff] /1 30 /.38
Energy Absorbed, in-1b L¥4o| /£ $So| 1 Yoo LYo
FOURTH SPEED Specimen No. §-2¢ 4-$6 6-§% Average
Proportional Limit, 1000 psi 42,0| 425 442 Y29
Yield Strength, 1000 psi ' .
Yield Point (Upper), 1000 psi 2.0 42,8\ Uy o $3.82
Yield Point (Lower), 1000 psi | 3$.6| 340| 3¢47 354
Modulus of Rupture, 1000 psi 60./| 40.3| 60.7 60.¥
Shearing Strain, in/in .32 r3l] 134 7.37
Energy Absorbed, in-l1b 4980l £730] L7¢0] /740

WADC TR 53-10

129




Table. 43. Tersiea Properties of BC-70 Titamiwm at 1000°F

(Mot Aged)

FIRST SPEED Specimen No. 4-4§ £-77 6-/02 Average
Proportional Limit, 1000 psi 1041 &% ro./ 72
Yield Strength, 1000 psi 109\ ro0.2| 113 70.8
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /2,1 r23f 122 /2,2
Shearing Strain, in/in /138 1884 91/ 7.98
Energy Absorbed, in-1b 2,090| 2,494 (550 2,040

SECOND SPEED Specimen No. J-¢b6 6-78 6-104 Average
Proportional Limit, 1000 psi 130\ r20| 83 101
Yield Strength, 1000 psi I3 713/ 73.¢ /3.6
Yield Point (Upper), 1000 psi ’

Yield Point (Lower), 1000 psi .

Modulus of Rupture, 1000 psi 29./1 280 270 2%.01
Shearing Strain, in/in 3.4/ 2.96| #3¥ 359
Energy Absorbed, in-lb 2,080\ /. 790| 2,229 2030

THIRD SPEED Specimen No. 4-47 4-79 4-fof Average
Proportional Limit, 1000 psi 1S 67| 163 /5.9
Yield Strength, 1000 psl
Yield Point (Upper), 1000 psi 1$7| 190 163 /70
Yield Point (Lower), 1000 psi | /47| r724| /$¥ 16.9]
Modulus of Rupture, 1000 psi 305 350] 333 33,9
Shearing Strain, in/in 198 1 8%] 150 1,40
Energy Absorbed, in-1b LSUo| 1210) 1020 260

FOURTH SPEED Specimen No. 4-v6 £-4F 6-80 Average
Proportional Limit, 1000 psi | 3/0| 32./| 3¢/ 324
Yield Strength, 1000 psi '

Yield Point (Upper), 1000 psi | 7/0| 32./| 34/ 32.¢
Yield Point (Lower), 1000 psi | 232.2| 2¢42| 23.9 239
Modulus of Rupture, 1000 psi Y33 439 l/ZLé ¢33
Shearing Strain, in/in L6S| 167 16/ 7.6%
Energy Absorbed, in-l1b Lsyo| 1570 1,539 4550

LG TR 53-10
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Table M. Tersiem Preperties of RC-70 Titaniwm &t 1000°F (Aged)

FIRST SPEED Specimen No. (-25 6-89 6-93 Average
Proportional Limit, 1000 psi 6.15| 1.05} 5.33 6.18
Yield Strength, 1000 psi £€37] 8.45| 8.4¢ .42
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi j0.9 | tL.¥\ .7 11.73
Shearing Strain, in/in .o [ 134122 12,2
Energy Absorbed, in-1b 1740 | 1680 [2/140 {850

SECOND SPEED Specimen No. 4-26 #4-5§8 6-90 Average
Proportional Limit, 1000 psi 2797\ r0.0| 106 /0.1
Yield Strength, .1000 psi N s08| 107 s18 709
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 230 a¥ /| 246 23.9
Shearing Strain, in/in 2,66| 2.52| 294 2,6%
Energy Absorbed, in-1b [ 330| 4300 ,lz0 /4380

THIRD SPEED Specimen No. 4-27 6-59 b4-9/ Average
Proportional Limit, 1000 psi 1051 r0.8) r0.% 706
Yield Strength, 1000 psi '
Yield Point (Upper), 1000 psi 7/7.6) r2,2| 4.9 7/.9
Yield Point (Lower), 1000 psi 0.2y y1.71 177.7 /7.5
Modulus of Rupture, 1000 psi 294 29¥| 292 293
Shearing Strain, in/in 7.93) 177 177 ’ 82
Energy Absorbed, in-1b 1,180 1070 14100 lLl20

FOURTH SPEED Specimen No. 4-2¥ b-60 6-92 Average
Proportional Limit, 1000 psi 247) 268 23.4 280
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 247%7| 26.3| 23.¢ 250
Yield Point (Lower), 1000 psi | ,93| ,20| /4% /80
Modulus of Rupture, 1000 psi 372) 3724\ 34732 37,?
Shearing Strain, in/in 1. 871 1822 179 /93
Energy Absorbed, in-1b LY/l 1Y30] /4 390 L 410
WADC TR 53-10 13:




Table 45. Torsion Properties of RC-130B Titanium Alloy

at Room Temperature

FIRST SPEED Specimen No. 7-/3 7-$7 7-97 Average
Proportional Limit, 1000 psi 456 §28| §£03 262
Yield Strength, 1000 psi 768\ 77¢| 9%2 97§
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1290 14so| 1850 /46.3
Shearing Strain, in/in 0.70 476 080 0.7%5
Energy Absorbed, in-1b 2,070 2,280} 2490 2,270

SECOND SPEED Specimen No. 7-/4 7-S8 7-9%8 Average
Proportional Limit, 1000 psi 798| s¢€ 72/ 72,8
Yield Strength, 1000 psi 9%.0| 10651 £9$ 7%.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi |/380| /$25] 1340 140 ¢

- Shearing Strain, in/in 0.84, a8¥| 077 0. 92
Energy Absorbed, in-1b 2440.25/0| 2/00 2,350

THIRD SPEED Specimen No. 7-/¢ 7-59 7-€/ Average
Proportional Limit, 1000 psi 92.6) 7991 9¢40 §2.9
Yield Strength, 1000 psi 0¥ o) 1023 1100 joa. i
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 13(2} 127/ 129.0
Shearing Strain, in/in 0.2 0981 279 0.77
Energy Absorbed, in-l1b 2290\ 2,2/0 2,250

POURTH SPEED Specimen No. 76 7-f0 7-§2 Average
Proportional Limit, 1000 psi | #%7 0| 71236 /12,9 /178
Yield Strength, 1000 psi /12641 130.0] 1220 /262
Yield Point (Upper), 1000 psi

- Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi IY3L| 1¢go) 1259 14l
Shearing Strain, in/in 0.79| 09£| 0.76 277
Energy Absorbed, in-lb 3990| 2400| 3,6/0 2670
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Table 46. Torsion Properties gf RC-130B Titaniwm Alloy
at 400'F (Not Aged)

FIRST SPEED Specimen No. 7-47 7-83 7-95 Average
Proportional Limit, 1000 psi $E6| 620| o8 604
Yield Strength, 1000 psi 6881 693 676 485

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 7200 7282 178/ /21 4
Shearing Strain, in/in 0.90| 0.85| 495 | - 0.80
Energy Absorbed, in-l1b | .910| 2,040 /770 4,900
SECOND SPEED Specimen No. 7-30 7-4¢ 7-9¢ Average
Proportional Limit, 1000 psi 6/%| 6£9| 639 4.39
Yield Strength, 1000 psi 2032 929 927 723

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 178 1202 /192 /190
Shearing Strain, in/in 08¢ 083 29F 0. 82
Energy Absorbed, in-1b 4 960| 1990 /&0 /430
THIRD SPEED Specimen No. 7-3/ 765 7-§¢ Average
Proportional Limit, 1000 psi 7481 789 729 78.8

Yield Strength, 1000 psi 77.8| £23| 97/ 74/
Yield Point (Upper), 1000 psi :
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1188 &0 140 778.9
Shearing Strain, in/in 0.99 093] 084 255
Energy Absorbed, in-1b 2,230 zo60| 1, 9¢0 2,080
FOURTH SPEED Specimen No. 7-72 -4 7-84 Average
Proportional Limit, 1000 psi P98 PE2| 946 | 902
Yield Strength, 1000 psi 76.4| 922 | 946
Yield Point (Upper), 1000 psi 974
Yield Point (Lower), 1000 psi 753 .
Modulus of Rupture, 1000 psi 7240\ 1190\ r250 I 1227
Shearing Strain, in/in | o80| o897l 290 7.56
Energy Absorbed, in-1b 2,220] 2,300| 2,4/0 2,3/0
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Table 47. Torsion Properties ?r nc;ljm Titaniwm Alloy at 400’R

FIRST SPEED Specimen No. 7-85 7-2/ 7-27 Average
Proportional Limit, 1000 psi $88 $96| 648 $99
Yield Strength, 1000 psi 663\ 677] 6258 7./

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /292 /70| (2/3 /2.8
Shearing Strain, in/in 086\ 0.77| 0.79 2.79
Energy Absorbed, in-1lb 2,//0| L68§0| 4 920 /, 900
SECOND SPEED  Specimen No. 74 .22 7-37 Average
Proportional Limit, 1000 psi 688 669| 679 56.5
Yield Strength, 1000 psi 240, 738, 7/ ¢ 732

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1200 1200 r222 1207
Shearing Strain, in/in 0.90\ 089 o8¥ 085
Energy Absorbed, in-1b 2,/80| 2,1580] 2,094 2,/$0
THIRD SPEED Specimen No. 7-7 7-23 77-37 Average
Proportional Limit, 1000 psi 782 460| 785 732
Yield Strength, 1000 psi 289 9e5 928 £0.0

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 10681 17123 r2¢ 8 /779
Shearing Strain, in/in 097 093 0% 2.90
Energy Absorbed, in-1b 2,220\ 2,220| 2,190 2,2/0
FOURTH SPEED Specimen No. 7-24 7-/60 7-1¥ Average
Proportional Limit, 1000 psi 926\ 995| 103¢ 7288
Yield Strength, 1000 psi U 97./
Yield Point (Upper), 1000 psi 298 1038
Yield Point (Lower), 1000 psi 952\ s0/.2
Modulus of Rupture, 1000 psi 7260 12580] 1310 /27,0
Shearing Strain, in/in 0.94 1.00| 095 096
Energy Absorbed, in-1b 2,730 2690 2660 2,560
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Pable 8. Torsiem Properties_eof

RC-1308 Titamiwm Alloy
at TOO°F (Wet “F
FIRST SPEED Specimen No. 74 7-67 7-§7 .l’nrerag__1
Proportional Limit, 1000 psi SHS sYY $2,6 £3.92
Yield Strength, 1000 psi 6/3| s66| 99 $8.9
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi | /78] s200| 1/ /18 Y]
Shearing Strain, in/in 09| 099 095 2 96
Energy Absorbed, in-lb 2,/70| 2,230| 2,/ 2,200
SECOND SPEED Specimen No. 7-¢6 7-6§ 77-§8 Average
Proportional Limit, 1000 psi 281 490 ¢32 ¥452
Yield Strength, 1000 psi $98| $8/| $%6 5.7
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1062 1062 08¢ /059
Shearing Strain, in/in 0.90)| 088 0.5¢ 0.99
Energy Absorbed, in-1b L Qo0 | / §60| /, §bo 4,870
THIRD SPEED Specimen No. 7-¢7 7-67 7-89 Average
Proportional Limit, 1000 psi 4720 $£251 4%.2 493
Yield Strength, 1000 psi $/.8| 60.%| 656 S9Y
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 990\ 973 1030 79.%
 Shearing Strain, in/in 090 088 096 2.58
Energy Absorbed, in-1b /L, 860\ L7580 1750 .. 8170
FOURTH SPEED Specimen No. 74§ 770 7-90 Average
Proportional Limit, 1000 psi 26 70.6) 739 720
Yield Strength, 1000 psi 780 7¢/ 747
Yield Point (Upper), 1000 psi 779
Yield Point (Lower), 1000 psi 75/
Modulus of Rupture, 1000 psi 1065 1062} 1070 /06.6
Shearing Strain, in/in 0.96| 0.9¢ 2.9¢ 0.9§
Energy Absorbed, in-l1b 2,/80| 2/00| 2,720 2,({30
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Table 49. Torsion Properties of RC-130B Titanium Alloy at TOO° F

(Aged)

FIRST SPEED Specimen No. 7-9 7-2f 74/ Average
Proportional Limit, 1000 psi U7 $0.7| s¢8 570
Yield Strength, 1000 psi 24| $92| s90 bo 2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 18/ 189 1720 /4.3
Shearing Strain, in/in 095 101 0.98 0.98
Energy Absorbed, in-1b 2200| 2,300 | 2/80 2,230

SECOND SPEED Specimen No. 7-/0 %-26 74z Average
Proportional Limit, 1000 psi $18°| s/ 515 S1Y
Yield Strength, 1000 psi b0/ $73| 0.0 2/
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 106.0| 1050 109/ 106.7
Shearing Strain, in/in 288 096 098 0.90
Energy Absorbed, in-1b 4,9/0\ 1, 8/0| 210 4 9¢0

THIRD SPEED Specimen No, 7-// #7.27 743 Average
Proportional Limit, 1000 psi 80| 64 2.4 £53
Yield Strength, 1000 psi 639 42| 645 bUS
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1064\ 1083| 1047 [08.8
Shearing Strain, in/in 0.92| 087| 087 089
Energy Absorbed, in-1b 2020 ;920 ;929 /, 950

FOURTH SPEED Specimen No. 7-/12 7-2§ J4¢ Average
Proportional Limit, 1000 psi | 74./| 744| 73¢9 724¢
Yield Strength, 1000 psi . 768 742
Yield Point (Upper), 1000 psi 74./ 77/ '
Yield Point (Lower), 1000 psi | 747 7¢2
Modulus of Rupture, 1000 psi |/04.9| /082| /o082 /078
Shearing Strain, in/in (01| 093 | 2.7% 297
Energy Absorbed, in-1b 2,3/0| 2/00)| 224 2220
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Table 50. Teorsien Properties

of gc-izscm Titaniuwm Alloy

at 1000°F (Not Aged)

FIRST SPEED Specimen No.  7-¥9 7-7/ 7-%] Average
Proportional Limit, 1000 psi /33| 9.6}a204 14.6
Yield Strength, 1000 psi /8Y| 17.7)25.0 20.4
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 23 6| 23./{28.5 5./
Shearing Strain, in/in 3/20| 3563 33.62 33.5
Energy Absorbed, in-lb 14,000 (3,400|1%, 870 13, 100

SECOND SPEED Specimen No. %-§3 7-72 7-92 Average
Proportional Limit, 1000 psi 32.8| 35/| 32°% 336
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi Y33 #32| 430 432
Yield Point (Lower), 1000 psi 3846| 12| 409 Yo2
Modulus of Rupture, 1000 psi Yy sl 59| wes 4s/!
Shearing Strain, in/in Yyl $Yol .1/ Y3/
Energy Absorbed, in-1b 3 600| 36379| 3540 3590

THIRD SPEED Specimen No. #7-$/ 7-93 793 Average
Proportional Limit, 1000 psi 6./ ul¥l 437 ¥3.7
Yield Strength, 1000 psi YUYl 4758 493 ¢5.2
Yield Point (Upper), 1000 psi '
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 76| s80| $729] $8S
Shearing Strain, in/in 233 209| 2,3% 227
Energy Absorbed, in-lb 2,240] 2/20| 2,740 2,230

FOURTH SPEED Specimen No. 7-$2 7-¢6 7-7¢ Average
Proportional Limit, 1000 psi bbo| £26| 42¢ 60.4
Yield Strength, 1000 psi 534 £75|
Yield Point (Upper), 1000 psi 540 625
Yield Point (Lower), 1000 psi $93 $98
Modulus of Rupture, 1000 psi Foo| 725 po/ 77§
Shearing Strain, in/in 128 223 17 /2/
Energy Absorbed, in-lb 2/20) 1 980| /970 20/0
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Table 51. Torsion Preperties of(nc-lgm Titanium Alley at .1000°F

FIRST SPEED Specimen No. 7-1  9-19 7-33 Average
Proportional Limit, 1000 psi 12,8 r2.0] 1879 LY
Yield Strength, 1000 psi /186 790| 220 /9.9
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi ‘
Modulus of Rupture, 1000 psi 2¢0|  24Y| as0 Y74 o
Shearing Strain, in/in 3844 3738 3785 3787
Energy Absorbed, in-1b 16680 16,680

SECOND SPEED Specimen No. 778 7% Average
Proportional Limit, 1000 psi 3/7| 703 30.7
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi Yoo\ 3258% 39.¢
Yield Point (Lower), 1000 psi | 329¢| 38¢ 39.3
Modulus of Rupture, 1000 psi dYL| ¢33 439
Shearing Strain, in/in 429 366 3.97
Energy Absorbed, in-1b 3640| 3070} 3,350

THIRD SPEED Specimen No. 7-37 7-/9 7-38 Average
Proportional Limit, 1000 psi 329\ 354| 343 3¢3
Yield Strength, 1000 psi Yrll w2l $/€ 13
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi . :
Modulus of Rupture, 1000 psi $E8| $62| 70 $6.3
Shearing Strain, in/in 227\ 264 176 2,22
Energy Absorbed, in-1b 2,380| 25/0| 4, 8/0 2,220

FOURTH SPEED Specimen No. 7-2 7-4 7-9¢ Average
Proportional Limit, 1000 psi oY\ 43| by {70
Yield Strength, 1000 psi ' 492| $83 $/7
Yield Point (Upper), 1000 psi so¥
Yield Point (Lower), 1000 psi $7§

Modulus of Rupture, 1000 psi 673 7Y 746 7/./

Shearing Strain, in/in 4371 r20| 130 /.29

Energy Absorbed, in-1b 2,040) [ 830| 2,120 2,000
138
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The following tables of data numbered 52 to 64 list
information obtalned in an exploratory serles of tests in
which a furnace was used that did not develop uniform tem-
perature along the gage length. The temperatures listed
are those measured at the center of length of the speci-
men. The ends of the one inch gage length were as much
as 50F to 100F cooler at the highest temperatures employed.
Therefore, these data have not been analyzed nor included
In the report of this investigation.
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EXPLORATORY TESTS

Table 52. Torsion Properties of SAE 1018 Steel at %00°F

(Not Aged)
FIRST SPEED Specimen No. Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point ('Ypper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-1b
. SECOND SPEED Specimen No. /-§ /-3 /-/07 Average
Proportional Limit, 1000 psi | 2£9| 26#| 264 26,3
Yleld Strength, 1000 psi
Yleld Polnt (Upper), 1000 psi | 24 9| 26¢| 246 2£ 32
Yield Point (Lower), 1000 psi | 222| 2/¢4| 2¢%9 232
Modulus of Rupture, 1000 psi | 89| 4¢3| 730 670
Shearing Strain, in/in LY 43| 1.2/ YA A
Energy Absorbed, in-1b 2 %00\ 1,940| 1, 8¢o 2, /00
THIRD SPEED Specimen No. /-7 /-39 /-7/ Average
Proportional Limit, 1000 psi 262 269 /7/ 23/
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 262| 259| 289 270
- Yield Point (Lower), 1000 psi 22| 223| 2¢6 238
Modulus of Rupture, 1000 psi 66.7| 48| 747 £8.7
Shearing Strain, in/in 248 1.92| 1.6/ 2. 00
Energy Absorbed, in-1b 3 Uy 2,%60| 3 449 2,780
FOURTH SPEED Specimen No., /-& [(-/2 [/-72 Average
Proportional Limit, 1000 psi 3¢.6| 3203| 33.3 32.7
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 3¢ 6| 303 333 32.7
Yield Point (Lower), 1000 psi 302]| 24| 308 298
Modulus of Rupture, 1000 psi 2/1| 622 7283 7/. 2
Shearing Strain, in/in 32,991 2.42| 2t 2,87
Energy Absorbed, in-1b Y olo) 3,69 3 €39 2,750
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EXPLORATORY TESTS

TABLE 53. Torsion Properties of SAE 1018 Steel at 200°F (Aged)

FIRST SPEED Specimen No.

Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-lb

SECOND SPEED Specimen No.

Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-1b

THIRD SPEED Specimen No.

/-23

Average

Proportional Limilt, 1000 psi

27§

2779

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

27,8

27.%

Yield Point (Lower), 1000 psi

230

23 0

Modulus of Rupture, 1000 psi

685

§8.8

Shearing Strain, in/in

20}%

208

Energy Absorbed, in-lb

2 850

2,750

FOURTH SPEED Specimen No.

Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

' Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psl

Shearing Strain, in/in

Energy Absorbed, 1ln-1b
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EXPLORATORY TESTS

TARLE S54. Tersiem Preperties of SAE 1018 Steel at T00°F

(Not Aged)
FIRST SPEED Specimen No. Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi |
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
~ Energy Absorbed, in-1b
SECOND SPEED Specimen No. /-6 [-/0  /-/2 Average
Proportional Limit, 1000 psi 2871 19.8| 2/.4 222
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 27| ,9.¢| 2/.¢ 222
Yield Point (Lower), 1000 psi | 22.0( ;23| 2/.¢ 20,6
Modulus of Rupture, 1000 psi 690 50| 72.¥4 688
Shearing Strain, in/in .27 139]| 222 L3/
Ehergy Absorbed, in-1b /, §oo| 4 950 2 009 [ 920
THIRD SPEED Specimen No. /-// [-43 [-97§ Average
Proportional Limit, 1000 psi 200} /38| /8.0 /7.3
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 24/ 2| 242| 234 240
Yield Point (Lower), 1000 psi | a2 | 2/2| 2327 2/.7
Modulus of Rupture, 1000 psi | ggeo| 447| 720 679
Shearing Strain, in/in .98 193] 0.87 KX
Energy Absorbed, in-1b 2470 2,449 /2/0 2040
FOURTH SPEED Specimen No. /-39 /-4« [-94 Average
Proportional Limit, 1000 psi | 227| 2251 347 300
Yield Strength, 1000 psi '
Yield Point (Upper), 1000 psi 272.7| 298| 34% : 3006
Yield Point (Lower), 1000 psi | 2&2| 24| 290 2643
Modulus of Rupture, 1000 psi 663| 42| 730 47 8
Shearing Strain, in/in 2.00| 190 14 /8%
Energy ‘Absorbed, in-1b 2,940] 2 S| 2 $¢0 2 400
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' EXFLORATORY TES?S

TARIE 55. mwmwxmmulm‘r

FIRST SPEED Specimen No. Average -
Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-lb
SECOND SPEED Specimen No. /-4€é /-77 /-7% /-//8 [-122 Average
Proportional Limit, 1000 psi 12| 768 147] 180] 13.3] 139
Yield Strength, 1000 psi 64| 200| 200| 190]| 197] (9e
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi UGl P w2l 76l /22| W9
Shearing Strain, in/in — | 126l — | 7190 2.03] 196
Energy Absorbed, in-1b — | 4 900] — |32 00°] 2034 /950
THIRD SPEED Specimen No. /-/& (-7 /-77 Average
Proportional Limit, 1000 psi 79./) 193] /8.0 /8%
‘Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | ,9./{ /93| 20.7 /9.7
Yield Point (Lower), 1000.psi | /29| /29| 209 /189
Modulus of Rupture, 1000 psi $£8| 62| 42,0 $79
Shearing Strain, in/in (1Y) p 0¥ 0.99 L06
Energy Absorbed, in-1b 4320 1270 4,339 /, 3/0
FOURTH SPEED Specimen No. /-76 /4§ [-8o Average
Proportional Limit, 1000 psi 244 290 | 26./ 26,2
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 244 250 26/ 26.2
Yield Point (Lower), 1000 psi 2LY L 267 26./ 2¢7
Modulus of Rupture, 1000 psi 20| 66.2| (89 6£7
Shearing Strain, in/in LUbl 7862 223 L Y0
Energy Absorbed, in-1b L2301 2,/00% 1,73 /880
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EXPLORATORY TESTS

MABLE 56. Torsien Properties of 24S-T Alumimm Alloy at 200°F

(Not Aged)
FIRST SPEED Specimen No. Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture,' 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-lb
SECOND SPEED Specimen No. 3-4 32-3§ 3-70 Average
Proportional Limit, 1000 psi 28/ 263 282 278
Yield Strength, 1000 psi 32.0| 322 3/9 32,0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $£9¢| 73| ££7 578
Shearing Strain, in/in 0.56| 056 057 054
Energy Absorbed, in-1b 900| £90| 700 700
THIRD SPEED Specimen No. 3-7 3-39 3-7/ Average
Proportional Limit, 1000 psi | 2/.8| a/.$| 247 226
Yield Strength, 1000 psi 267 299] 3.4 29 3
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 507 $32| 22 §$20
Shearing Strain, in/in 0,8/ o ¢é) 043 0.50
Energy Absorbed, in-1b sbo| s2ao| ¢4/0 s6o
FOURTH SPEED Specimen No. 7-§ 3-Yo 3-7¢ Average
Proportional Limit, 1000 psi | 26¢| 360| 23./ 2%.§
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi | §4.7| £72| 4% $£6.9
Shearing Strain, in/in 2,47 05¢| 0.8/ 25/
Energy Absorbed, in-1b §$70| 660 $tfo $90
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EXPLORATORY TESTS

TARLE 57. Tersion Properties of 24S-T Alwmimum Alley at 200%F (Aged)

FIRST SPEED Specimen No., Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-lb

SECOND SPEED Specimen No. 3-224 Average
Proportional Limit, 1000 psi 262 262
Yield Strength, 1000 psi Y 2/ ¥

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi | 5464 sé.4
Shearing Strain, in/in 084 0,56
Energy Absorbed, in-1b 700 Qoo
THIRD SPEED Specimen No. 3-23 3-§¢ 3-87 Average
Proportional Limit, 1000 psi 30.0| 272| s&0 24/
Yield Strength, 1000 psi 33F%| 3/.8| 267 30.8

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi £68| s0él ¢é2 sUY

Shearing Strain, in/in 0.$8| 0.48| 0.&/ 48/

Energy Absorbed, in-1b 70| syo| 640 630
FOURTH SPEED Specimen No. Average

Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in

Energy Absorbed, in-lb
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EXPLORATORY TEITS
TARLZ 58. Tewrsiem Preperties of 243-T Alwmimmm Alley at 400°r

(Wot Aged) -
FIRST SPEED Specimen No. ' Average
Proportional Limit, 1000 psi b

Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi -
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in

Energy Absorbed, in-1b

SECOND SPEED Specimen No. 3-/p 32-42 3-% Averrge
Proportional Limit, 1000 psi a2¢47] 223 2/2 22,3
Yield Strength, 1000 psi 293| 26 7| 24> 278

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi Yo ¥2.9| 472 &7 7
Shearing Strain, in/in 26Y) o9Y| 0.7 069
Energy Absorbed, in-1b oo | 790] Yo 740
THIRD SPEED Specimen No. 3?-// 3-43 37-9¢8 Average
Proportional Limit, 1000 psi (84| 233 120 /769
Yield Strength, 1000 psi 24 6 X4 287 28U

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

| Modulus of Rupture, 1000 psi syl HYs| Uy 46,6
Shearing Strain, in/in 062| 062| 06¢ : 9463
i Energy Absorbed, in-1b 4ol &30| 720 i4o
FOURTH SPEED Specimen No. 3-7 324/2 3-§2 Average
Proportional Limlt, 1000 psi | 24¢| 20.3] 270 23.9
Yield Strength, 1000 psi y
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi ) g
Modulus of Rupture, 1000 psi 8| ury| /7 $o
Shearing Strain, in/in 043 038 o4y 0,42
Energy Absorbed, in-1b Y70 3%0| Y9 ¥So
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